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SUMMARY

Two dimensional subsonic wind tunnel tests have been conductsd on a
208 thickness: chord ratioc circulation controlled slliptic asrofoil
section equipped with forward and reverse blowing slots. Overall
performance measursments were made over a range of trailing edge
blowing momentum coefficients from O to 0.04; some included the effect
of leading edge blowiny. The effective incidence was determined

experimentally and 1ift augmentations, BCL/acu, of 70 were obtained at
low blowing rates.

A detailed investigation of the trailing edge wall jet, using aplit
film probes, hot wire probes and total head tubes, provided noasure-
ments of mean velocity components, Reynolds normal and shear stresses,
and radial static pressure. Corrections for the effects of ambient
temperature variation, flew angle and shear flow gradient upon the
various probes were examined and some corrections for the low band-
width of the split film probes proposed.

In some cases, the effects of slot height and slot lip thickness were

investigated. The results were mostly taken at a geometric incidence
o
of O,

The closure of the two dimensional angular momentum and continuity
equations was examined using the measured data, with and without

co sectiovn, and the difficulty of obtaining a satisfactory solution
illustrated.

The experimental results have led toc some suggestions regarding the
nature of the flow field which should aid the understanding of Coanda
effect and the thecretical solution of highly curved wall jet flows.
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min minimwn

§~ half velocity point

o stagnation conditions
- frea strsam condition
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1, INTIOQQCTION
l:l The Coanda Effect

The effect by which a fluid jet attaches itself to an adjacent surface
and remains attachad was initially observed by M., Henri Coanda, after
whom the effect was named. 'Coanda effect' is capable not only of
attaching a free jet to a surface but can also enable a tangential jet
to negotiate and ramain attached to a highly curved wall. The effect
produces very strong antrainment of the surrounding fluid, independ-

antly of whether the external fluid ia moving or staticnary, and

significantly reduces the surface static pressure unhder the jet. The
point at which the flow separates from a curved surface in a two
‘imensicnal case can be controlled by the Jet blowing momentum. The

detailed physics of the effect are still not wholly understood.

M. Coanda investigated many applications of the effect including
leading edge blown aerofoils and thrust augmeniors. Reference 1 is an
example of this work, reproduced after the war. Further app ications
have been investigated by other researchers, for example, the blown
cylinder, upper surface wing/flap blowing (as on the Buccaneer and
¥C-14 aircraft), fluidic amplifiers and wall blowing to improve wind
tunnel diffuser operation (see Figure 1). More recently interest has
been focused upon circulation control aerofoils and their potential
benefits for helicopter rotors.

If aerofcils are considered, then a conventional sharptrailing edged
aerofoil exhibits the well known 'Kutta' condition. 'This statas that
the rear stagnation streamline must emaxge from the tralling edge in
order to avoid discontinuities in veloclty and preasure. Hence the
circulation around the asrofoll is uniquely defined by the aerofoil %
geometry, incidence and free stream velocity. If however, the trailing

edge Oof the aerofoil is rounded, then the rear stagnation point Lis

free to move, depending upon the other parameters. If the asrcfoil is

an ellipse aligned at zero incidence to the free stream direction, then the

upper and lower surface separation points should be located at the same

chordwise station and the nett circulation will be zero. If now a jet !
of fluid is injected tangentially into the upper surface boundary
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layer, near the trailing edge, the Coanda effect will entrain the
boundary layer and delay the separation of the upper surface flow.
This causes a nett increase in the circulation around the aerofoil.
The momentum of the blowing jet now controls the position of the rear
stagnation point; the aerofoil is gubject to 'Circulation Control' by
blowing. If the blowing jet is sirong enough to discharge excess
mementum intc the wake, then the aercfoil performs in a similar manner
to one fitted with a jet flap, The lift is no longer produced solely
by delaying the upper surface separation but has a jet reaction
thrust component which reduces the nett lift augmentations acL/acu,
(see Figure 2).

1.2 The Applications of Circulation Control

The application of circulation control-by-blowing to helicopter rotors
and more recently to stopped rotor aircraft (X-wing, see Figure 3) is

shown in References 2 and 3.

Conventional helicopter rotor systems suffer from a variety of
problems, including vibration, mechanical complexity, high drag and
retreating blade stall at high forward speed. It has been shown
(References 4, 5 and 6) that a circulation control rotor is capable of

reducing many of these problems.

Circulation control a-rofoils are able to develop 1ift independe ntly
of incidence, and to a first approximation, at low blowing rates,
velocity. Hence the rotor may develop lift purely as a function of
blowing rate. At low advance ratios - y = helicopter forward speed/
rotor tip speed less than 0.5 - the 1lift may be increased at the fore
and aft arimuth positions of the rotor disc to produce a more
efficient value of the thrust coefficient/solidity ratio (CT/O). In
particular, the hqvar performance may be greatly improved since a
circulation control rotor is capable of producing high 1ift
coefficients compared with conventional rotors. At advance ratios in
excess of 0.7 the arsa of reversed flow on the retreating blade side
tends to increase (see Figure 4). It has been shown by 0ttonloncr7
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that incorporation of a second blowing slot on the leading edge of the
blade. ejecting air tangential to the surface and in an opposite

sense to the normal free stream direction, enables the blade to
produce lift in a reversed flow region. The dual slots may be blown
independe ntly as required or continuously with little significant loss
of 11ft. Typical flows around a dual slotted aercfoil are shown in
Figure 5. Useful 1ift has been shown on test rigs at advance ratios
greater than 2 (approximately 400 knots forward speed) .

Three distinct flight regimes of improved VTOL performance arise as a
consequence of circulation control:

i) High forward speed (advance ratios of the order of 2) by
incorporating blowing slots at the leading and trailing edgesn,

i1) High forward speed at highei. advance ratios pofmittod by slowing
the rotor and incorporating leading edge blowing only.

i1i) Low speed performance as a conventional helicopter and trans-
lation to a 'stopped rotor' for high speed flight (X-wing mode) .
Transition would be between 100 - 180 Kts. In this case dual
blowing would be available for the helicopter mode and 'trailing
edge’ only blowing would be used to augment the lift whilst
operating as a stopped rotor aircraft.

All of these techniquns_would use the blowing system as an attitude

control system offering improved control response at low forward speed.

Each of these systems offers many advantages over the current
technology improvements in helicopter performance being made available
by tip geometry, blade construction and airframe improvements.

Inherent in circulation control asrofoils is the increased blade
stiffness which will enable the rotor to be smaller and lighter. A
circulation controel blade may be as much as 10 times stiffer in
bending compared with a conventional 'D' spar blade.
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8ince collective and cyclic blowing can be substituted for collective
and cyclic pitch, the complexity, size and weight of a circulation
contrcl hub can be significantly less than its conventional counter-
part. This offears three main advantages:

i) reduced hub aesrodynamic drag
ii) reduced hub weight
114} raduced rotor system mailntenance

The third advantage being most significant in terms of operating costs
and time on the ground. A circulation control rotor also has the
advantage of having fewer dynamic force components and hence a higher
harmonic control system is possible giving leas vibration and improved
gust response. '

Reference 8 describes the first practical application of circulation
control to a helicopter rotor (Kaman XH-2/CCR) and indicates the
simplicity and effectiveness of installing a circulation control rotor
cn an existing airframe. The Kaman flight demonstrator is essentially
a low speed test bed; a more realistic stopped rotor has been tested

in the NASA-Ames 40 ft x B0 £t wind tunnel.

1.3 Previous Experimental Work

With the advent of these advanced technulogy applications, the existing
knowledge of the Coanda effect and circulation control asrofoils has
had to be reviewed. The basic aim of the ressarch was, and still is,
to produce a reliable prediction method for estimating the performance
of practical applications of the Coanda effect, in particular,
circulation control asrofoils.

Accepting that the heart of the problem is to solve the highly curved
wall jet flow, experimental research over the last two decades can be

2
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grouped in three categories:

i) plans jets

ii) curved jets

1i1) circulation control aerofoils

An excellent recent summary of wall et experiments is given in
Reference 9.

1l.3.1 Plane jet experiments

References 10 - 18 are given as examples of experimental work available
on plane wall jets. These reports cover a variety of effects including

longitudinal pressure gradient, external flow, jet turbulence level
and ctlot geometry.

The self preserving, simple plane wall jet flow has been shown to
exhibit a linear half velocity growth rate given by

dy
—d#:& = 0.073 * 0.002 (1.1)

howaver, this region may not begin until some 50 slot widths down-
stream. The growth rate is some 30% less than the corresponding free
jet value. FPFew useful msasurements exist within the important starting
region of the flow, although the study of Irwinlo is particularly
thorough in the self preserving region. Also, good agresment with
genuzral momentum balances is somewhat lacking and it has been

suggested in Reference 9 that this is due mainly to unsatisfactory
turbulence measurements. The problem of matching results from

different test apparatus will be further illustrated in the later
sections of this report,

e el
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Sevaral examples for the case of a plane turbulent wall Jet in the

pPresence of an external stream have been given. These have a more

direct relationship to tha blown boundary layer application, but the

addition of a further variable, the external flow, merely appears to
complicate the test situation. 7The work of Kruka and Eskinazill is
considered to be one of the most reliable in this field, Indicated
in this work are the variation of maximum velocity decay, jet and
free shear layer growth. Additionally the difficulty of providing a
single similarity profile which applies across the whole flow is
demonstrated. Gartshore and Newmanl8 provide some interesting
comparisons between various test results and a proposed theory. The
theory was used to investigate some assumptions generally made
regarding the shear stress profile across a plane wall jet. This
work emphasises how any prediction method has to be based on well
documented, reliable test results.

1.3.2 Curved jet experiments

References 19 - 25 are a selection of works concernead with wall jets
around curved surfaces. The radial pressure gradient and extra strain
on the fluid due to curvature make a convex curved flow more
gusceptible to spanwise irreqularities and hence many of the experi-

mental results must be viewed with suspicion. 'True two-dimensional

flow around a cylinder is considerably more difficult to obtain than
with a plane jet., The interaction effects at the extremities of the
blowing jet may cause large longitudinal vortices to be ghed into tﬁe
jet flow. The glot geometry and, in particular; small spanwise

irregularities in the slot lip, may alsc cause severe three-

dimensional effects. The growth rate of the curved jet is considerably

higher than that of a Plane jet due to the extra strain imposed by the

curvature upon the flow. A further problem involved with the testing
of curv-d; rather than plane, wall jets is the provision of
satisfactory inntium.ntation for measurements in the highly curved
flow. 1In general, to avoid excessive blowing regquirements, a small
cylinder and slot height is chosen and this reduce: the width of the
flow and hence demands smaller spatial resolution of any probes

e e — s
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positioned within the flow. With the higher growth rate, the flow

. | also ceases to be effectively parallel to the local surface. This, *
- coupled with the high turbulence lavels experienced at the edge of

the jet and the increased entrainment, make determination of any

turbulence parameters exceedingly difficult. Reference 21, by Wilson

and Goldstein, may be considered to give a good indication of the i
turbulence properties within a highly curved wall jet in still air. : !

.
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In an attempt to produce a self preserving curved wall jet some J

researchers have investigated the log spiral surface, in which the

] curvature is a function of the distance from the slot.

4
Ro = K 8 (1.2)

LR L URY FURENESE LSS

4 where Ro = gurface radius

g = distance from slot.

e L. e .

- 1
- Giles et 3123 is an example of this work. An approximately self 1
- preserving wall jet is created, although the growth rate is larger
_ ? than for circular cylinders of comparable surface radius. Little
_ f reliable turbulence data is available for this type of flow.
1.3.3 Circulation cortrol aerofoil experiments
There are two main areas of interest in the aerofoil experiments:
i) overall force and pitching moment coafficients
T % ii) mean values and turbulence parameters in the curved wall jet.
. garly work at N.G.T.E. and N.P.L. provided much information upon the ,
=
= . high lift capabilities of cylinders and ellipses with circulation
i ! control by blowing. The majority of the work however was performed at
g% high blowing momentum coefficients, cu' in sxcess of 0.5,
gz I
3 {
ﬁ.. . ﬁva 4
) i c | (1-3,
! ¥ onpvls
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and hence was not of significant use in the current applications.

More recently a series of studies have been performed; References 7,
26 - 34 are good examples of this work. Typically, 1lift coefficients j
in excess of 6.5 for C < 0.25, lift augmentations 3C /ac of greater

than 70, and section ﬂffective lift/drag ratios of more than 3O have
been demonstrated.

JRIE S,

Only references 28, 32, 33 indicate any detailed trailing edge measure-
ments, Englar28 used a hot film surface mounted shear stress meter to

measure wall shear stress beneath the wall Jet. Some indicatiocns of

radial static pressure distributions were algo obtained from static

e e um il

tappings located on a machined flange mounted normal to the trailing

edge surface. The aerofoil was a modified 20% ellipse of 11 inch

chord, tested up to high subsonic Bpeeds. Kind32 produced velocity

profiles and longitudinal turbulence profiles at various angular *

i il e ¥

positions arcund the trailing edge using a single hot wire probe.
This aerofcil was again a 20% uncambered ellipse of 14% inch chord

! and was tested at low subsonic speeds. Jones33 produced a large

A S-S

chord ( ~ 4 ft) modified elliptic model in an attempt to increase the

size of the measuring zone. Velocity and shear stress profiles were

AR T T AT T R

produced, again at low subsonic speeds, using a single slant hot wire
; probe. Examples of :hese results, where of interest, will be used in
: Chapter 5.

The main reason for the lack of detailed investigations around the
trailing edge of a circulation control aerofoil arises from the

complexity of the testing environmant. The small scale of the flow
(slot heights of 0.5 mm are typical), the high curvature of the
trailing edye and the problem of establishing two-dimensional flow
arcund the aerofoil have restricted many ressearchers to simple overall

E pressure measurements.
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1.4 Previous Theoretical Work

The thecretical work can be divided into two arsas:
i) The wall jet without a co-flowing stream

i1) The wall jet with a co-flowing stream/aerofoil tralling edge
wall jet flow.

The theoretical prediction of the first type of flow is greatly
simplified since the boundary conditions are invariant from case to
casze. This suggests that both integral and differential methods
should succeed since the velocity profile can be described simply, by

a single equation. The bases of the two methods are summariged by

35 and their relative qualities discussed. In !

Newman and Irwin
general the technigue used is to split the flow into a series of
strips and to solve the assumed equations by establishing the boundary
conditions at the edges of the strips. Unfortunately the extension of
these types of technique to a trailing edge wall jet flow appears

impractical.

A great variety of wall jet velocity profiles may exist around the
highly curved trailing edge of a circulation control aercfoil (see
Figure 6) and this precludes the use of a simple universal set of
equations to describe the velocity profiles. For this reason, the
integral technique will be only briefly discussed (see Section 1.4.1)
and the reader is referred to the work of l(ind32 for further details.

In general, the solution of the flow arocund a circulation control

asrofoil follows a similar pattern regardless of closure technique.

i) determine the pressure distribution around the aerofoil using a
potential flow solution.

i1) calculate the lower surface boundary layer development to

separation using a suitable method, usually of the integral type.

R o Th TR .. ama - k
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11i) calculate the upper surface flow davelopment as far as the
blowing slot, again usually by an integral method,

iv) close the flow by calculating the curved wall jet development,
from the starting conditions of the upper surface boundary layer
at the slot and Cy, to separation. It is usually assumed that
the wall jet separates at the same pressure as the lowar surface

boundary layer as suggested by Thwaites36.

l.4.1 The integral method

Dunham37 modified Spalding's plane wall jet method by incorporating

corrections for curvature and entrainment to represent a wall jet on a
circular cylinder. Kind32 then extended the method to an elliptic

aerofoil; a block diagram of his method is given as Figure 7. However
as previously mentioned, these integral type calculapiona have limited

applicability.

1.4.2 The finite-difference method of Dvorak and Kin638
38

Dvorak and Kind™~ used a similar overall calculation scheme which
includes allowance for viscous effects, and uses a finite difference
calculation to determine the wall jet development (see Pigures 8, 9).
The finite difference scheme is initiated by merging the final
boundary layer profile at the slot with a nearly uniform slot flow
profile. The calculation mesh distribution is arranged with points.

concentrated in the regions of high shear.

The static pressure distribution both normal and tangential to the
surface is obtained from “hu potential flow calculation. A corraction
to take account of the excess momentum flux in the jat (J.x) is
applied to the deduced radial static pressure distribution. A
varjation of (-J.R/R) at the surface to gzerc at the velocity minimum
is superimposed upon the distribution.

The equations of motion are then clossd using an eddy viscosity model

. RS ———— - - T e T e———
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for the Reynold's shear stross term. The model in ite final form is

— u uk

"V = Ve % TS Ty

vt = eddy viscosity (1.4)
k = f{x) --;-

This is largely based on simple mixing lengtlh arguments. Values for
the additional empirical curvature correction, cl' have been quoted
from 1 to 25 by varicus researchers. In this model, the value of C
has largely been tailored to fit the small amount of existing
experimental data (Kindazi and varies thus:

1

For y < Y

€, = 182n - 32n% + 190n°

n =L
Yo (1.5)
For y > ym
Cl = 33 - 32n
(y - v.)
n - ————ﬂ_—_
Yiax = ¥

This type of variation is assumed since, at some small distance from
the wall (y <« ym), where 3U/dy is still large and positive, q.must
alsc be large to allow u'v' to become positive, as has been shown by
Jonel33 and Wilson and Gold:tainzl. This is a possible indication

that the present eddy viscosity model is inappropriate for this tyYpe
of flow.

The finite difference scheme which develops the wall jet flow to
separation is chacked against the Previously stated Thwaites equal

pressure criterion, and the aerofoil calculations are then iterated to
a satisfactory closure.

e i e gy
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1.4.3 The discrete vortex method of Smith34

Recently, howesver, a naw technique has bean devaloped by smitha‘, et
1138 to determine the development of the curved wall jet on an aero-
foil. At present, the method uses a simple potential flow solutien
around a cylinder with the wall jet represented by a series of
discrete point vortices (and theiy images) shed from the slot lip at
discrete time intervals. The vortices rotate in the sense which
describes the outer free shear layer of the wall jet. The development
of the wall jet is then calculated using the mutual influence of the
vortices to predict steady state separation. The summation of the
induced effects of the vortices upon each other is calculated and the
locus of the vortex stream is predicted (see Figures 10, 11)}. The
initial strength of the vortices is based upon the velocity difference
at the slot, representing € , and the vortux strength then decays
exponentially representing the dissipation of the vortex energy. An

artificial viscosity has also been found necessary to stabilise the
vortex motion,

This method, simple in technique, has shown reasonable agreement with
experiment, as shown in Figure 12, but is very dependent upon the
preecribed decay rate of the vortex strength and the vortex shedding
frequency (i.e. the time interval between each successive vortex). At
present, the technique is undergoing development in order to remove
the empirical decay rate and improve prediction. Further discussion

of this technique and its relevance to the current study will be given
in Chapters 5 and 6.

1.5 The Present Investigation

As has been stated, there exists a requirement to be able to predict
the performance of Coanda flows, in particular for circulation contrcl
asrofoils of various geometries. The existing theories lack universal
applicability and so it was decided to undertake a detailed
experimental study in order to provide more data and a better under-
standing of the mechanics of a Coanda flow.
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The test asrofoil was to be mounted {n the 7 £t x 5 ft high speed ‘
. working section of the Bath University wind tunnel (see Figure 13 and
Section 2.2), The blowing Supply was to be delivered frem a

é compressor capable of supplying 1300 c.f.m. (*.A.D.) at a nominal |
80 p.s.1.q.

The following dmasign guidelines were adopted in the light o. previous
work and the available facilities.

i) The chosen aerofoil section should be an ellipse as this is a

section which is easily transformed mathematically, simplifying 1 !
the evaluation of the theoretical preasure distribution around ]
the aerofoil. L

- R o e gl e i i g i = A

. i1)  The thickness : chord ratio of the ellipse was chosen as 208 to ‘

enable direct comparison with previous research, particularly i
. the work of Kind32. g

iii}) fThe chord should be as large as possible within the restraints
of the working section in order to enlarge the scale of the
boundary layer at the trailing edge.

o N N T T TR, TR LT R

:tloo from the tunnel centreline.

v) The aerofoil should incorporate a plenum chamber and the skin of

the aerofoil should not deflect significantly when blowing

iv) It should be possible to adjust the incidence over the range !
J
pressure was applied. 4

vi) Slots should be incorporated at the leading and trailing edges 1
in order to examine the dual/reverse blowing cases. The slots

should exhaust as near tangentially to the local surface as

possible and should cause a minimum of discontinuity of the
surface profiles,

I N £ TR R agrTTrer R W s ot ey v
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vii) The slot height should be adjustable within the optimum rangs
of slot height : chord ratio as suggested by previous work
(0.001 < h/c ¢ 0,002 Englar and w1111aml4°).

viii) The flow should be as near to the two-dimensional cass as
possible, either by using a large aspect ratio or by incorp~
orating a secondary blowing system.

ix) A traversing system was to be mounted on, or in, the model, to
snable hot wire and pressure probes to be accurately positioned
around the trailing edge of the aercfoil.

1t was proposed to examine the performance of this circulation
control aerofoil within the range of blowing momentum coefficients of
O to 0.1, this being the most efficient regime in terms of maximum
1ift augmentation. '

1.6 A Brief Guide to the Contents of the Remainder of this Thesis

The design considerations raised in Section 1.5 will be discussed in
more detail in Chapter 2. Also in Chapter 2, a full explanation of
the precautions taken to control the two-dimensionality of the flow, a
description of the probe positioning devices, the wind tunnel and the
blowing air supply will be given.

Chapter 3 contains all the information on the instrumentation used in
this experiment. The calibration, operation and sources of errors of
both wire and split film anemometer probes are considered.

Chapter 4 is a presentation of the results obtained both for the
overall performance and the detailed trailing edge investigation.

In Chapter 5 .omo>lugqoltionl are made regarding the mechanics of a
Coanda flow field in the light of the experimental results, The
implications of the suggestions and their effect upon the inter-
pretation of the results is discussed. Justification for the

AEENY : :
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suggested flow field is given and the limitations of the
. instrumentation are illustrated.

Chapter & revievw. the incorporation of the suggested flow field inte

a full aerofoil perforrince scheme and also discusses the deficiencies
of current methods, ‘

| Whers possible, the parameters used have basn made non-dimensicnal,
’ Some references to both the Imperial and Metric systems has been
L ' unavoidable; hcvever the units are clearly stated in all cases and

j the author apologises for any inconvenience this may cause.
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2, APPARATUS

2.1 Asrofoil Design
2.1.1 Design coneiderations

Many of the pcints made in the follcwing secticns have been gleaned
from the problems encounterzd by Previous workers, notably, Kind32,

Jonesaa, Englar28 and in particular Englar and Williams40.

2.1.1.1 Aerodynamic

Three-dimensionzl effects dominate the aerodynamic considerations when

designino & circulation control aerofoil model. ‘They arise from three
sources:

i) high 1lift testing of large models in closed tunnels.

ii) effects of low, undefined aspect ratio (of the order of 1) and
endplate boundary layer interactions duye to the large adverse
pressure gradients at the aerofoil trailing edge.

iii) spanwise irregularities in the slot flow,

The recommendations of Englar and Williams40 cover many of these

points and suggest that the cherd to tunnel height ratiec should be

less than 0.3 and that some form of tecondary blowing should be

incorporated to re-energise the spanwise extremities of the flow.

The secondary blowing could take the forms (shown in Figure 14) of
either

i) blowing on the end plates aft of the half chord point

ii) blowing hetﬁnen the leading edge and the half chord tangentially
over the aerofoil surface,

PO T . T—— "‘f""‘“Tll---ﬂ-.l.-lﬂﬂl.‘
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111} blowing with excess momentum comparad %o the main jet at the
spanwise extremities of the main trailing edge slot. The ¢ are
called 'tip jets', (see Figure 14).

For reasons of blowing air econmmy and manufacturing simplicity, the

tip Jet coption was chosen.

Tc reduce the boundary layver growth on the end plates, they were
positioned with less than a half chord projecting in front of the
leading edge of the aerofoil. The position and dimensions of the end
plates is discussed further in Section 2.1.1.2.

The reason for the low aspect ratio is primarily an attempt to
increase the chord and hence the size of the trailing edge wall jet.
The bigger the wall jet, the fewer the problems encountered when
velocity profiles and turbulence surveys are requiréd. A compromise
must be drawn between this and the overall tunnel constraints.
Jones33 outlines gualitatively the problems involved in obtaining a

reasonable solution.

The thickness of the boundary layer just upstream of the blowing slot
and hence the chord, also indicates the range of slot widths which
may be used. For example, if the boundary layer is toc thin, then
manufacture of narrow, accurate slots (h < 0.25 mm (0.0l0 inch})
becomes extremely difficult, while if the boundary layer is too thick,
there is a chance of causing shear layer separation in the wall jet,
as found by McGahan4l. It was proposed in this work to vary the slot
height : chord ratio (h/c) around the optimum value of 0.002 proposed
by Englar et 3140. The slot itself should be free from obstruction
for at least 2.5 om (1 inch) from the slot exit (this limit allowed
the majority of the contraction to be 'clean') angd -'«: slot flow

should exhaust as near tangentially to the ocuter surface as

physically possible, with the minimum cross section occcurring at the
exii itself,

f e mmm————— s
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The slot chordwise position was chosen to be between 96 and 96.5% x/c
in order that the slot exit was clcose to the point at which the
unblown boundary layer would normally separate; this was expected to
be the most efficient location. The final position was calculated as
a function of the geometry of the trailing edge and the cptimum slot
height, and was located at 96.45% x/c, as shown in Figure 15,

As a further aercdynamic consideration the model geometric incidence,

a,, was made adjustable by +10° relative to the tunnel centreline.

2.1.1.2 Mechanical

The two main problem areas concerned the blowing air and the model
mounting in the tunnel.

Following the experiences of Kind32, it was noted that the aerofoil
should not be allowed to deform under blowing pressure. This placed
limitations on the model construction and in particular, on the choice
of materials. Other researchers have found that if the plenum air
pressure is allowed to act on retaining screws in the outer skin, the
screws tend to loosen and leakage and loss of structural integrity

may occur.

The vertical mounting of the model in the wind tunnel working section
(to reduce chord : height ratio) and the size and position of the
access panels (mee Section 2.2) imposed restrictions on the end plate
design. In particular, in allowing the end plates to extend less
than a half chord in front of the leading edge, the axis of the modsl
and the end plate size were fixed by their positions relative to the
roof and floor access panels. It was also a requirement that the
model should be easily removable from the working section to allow
the tunnel to be available for other testing and to permit sasy model
maintenance. For this reason the modsl was mounted on its own
'floor' and could be lifted into place as a complete unit including

control instrumentation, on a simple hoist systen.




TE T IR e

. TR w mie o

o A e

19

2.1.1,3 Constructional

The model overall dimenmions were restricted by the capacity of the
available workshop machinery. This was a major factor in arriving at
the final design scheme.

Care was alsc taken over the choice of materials, with particular
reference to corrocsion. Wherever possible aluminium or brass were

used, but where steel could not be avoidaed, the components were
cadmium plated.

To further simplify production it was decided that the leading and
trailing edges should be constructed from d. 1 Steel tube of a
suitable diameter,

2.1.1.4 Operational

Ccnsideration was given to shortening the actual tunnel running time,
by optimising the model operation at the design stage. It was
assumed that, since the investigation was concerned with detailed
trailing edge surveys, variations of geometric incidence were of
secondary importance compared with the accurate positioning of a
probe (wire, film or pressure) around the trailing edge, without
stopping the tunnel or the blowing air supply. For this reason, any
probe traversing system had to be operable externally from the
working section and should not change its effect upon the flow field,

Further dicussion of these points is included in Sections 2.1.4, 3.2,
3.3.

Following consideration of the above requirements, certain aspects of
the aerofoil were finalised irrespective of span.

1) An elliptic 20% section with 24 inch chord was chosen to match
previous work, provide a relatively thick section for ease of
manufacture and to reduce the curvature at the leading and
trailing edges.
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ii) The leading and trailing edges should be made from 2 inch
(50.8 mm) O,D., 10 G wall, drawn steel tube,

i1i) The positioning of the tubes should be such that all external
surfaces should join tangentially.

iv} The leading and trailing edge alots should be symmetrically

placed at 3.55% and 96.45% chord. These figqures were defined
from the assumed geometry, an optimum slot height and slot lip

thickness and the condition of surface tangency.

v) The slot width h, should be variable by $t0.015 inch (0.375 mm) ‘ 1
about h = 0.035 inch (0.875 mm) giving h/c = 0.0015 and
Ro/h = 28.5, where R, is the radius of the trailing edge.

vi) The radial traversing gear should be housed within the trailing
edge tube, rotatable from outside the tunnel and have a
resolution of better than $0.001 inch ($0.025 mm).

o RERE.
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vii) Blowing air supply to the model plenum should be from both ends
] ; of the model,

NP 1 SRUNCNLI

viii) No pressurised surface should deflect more than 0.005 inch
(0. .25 mm)}.

ix) The slot contraction should be free from obstruction for at
least 1 inch (25.4 mm) ahead of the slot exit.

The first model design was of 54 inch (1.37 m) span, aspect ratio * 2,2,
mounted vertically in the working section. Thrae inches (7.5 cm) were
allowed on both sides for removal of the working section wall boundary
laysr and the model was to be of rib and skin aluminium construction.
This design was abandoned mainly due to production difficulties (for i
long lengths) and a smaller span model (27 inch, 0.685 m) of simpler
construction was adopted. This consisted of an inner steel box
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pPlenum with wooden contour blocks to add the outer Profile Among its
many advantages, the plenum could be built and sealed, sp cifically

to eliminate leakage, without the constraint of having a desired
aerodynamic profile, Also the load upon the blocks was minimiged
since there were only aerodynamic forces upon them. This model had to
be modified because of warping difficulties in manufacturing the
wooden contour blocks. The final production model was a compromise
between these two designs and is the latter Plenum design with a rib
and skin outer profile (Section 2.1.2).

2.1.2 Final scheme

The final production model (see Figures 15, 16) consisted of a simple
box plenum constructed from % inch (6.34 mm) aluminium alloy plate
with a rib and skin outer profile. The plenum geometry was main-
tained by 16 small internal ribs, which also located the leading ang
trailing edge cylinders. Aluminium spacers, %4 inch (12.7 mm) 0.D.
were also used to add rigidity to the plenum surfaces. The plenum

was divided in two by a spanwise main spar, separating the leading and
trailing edge blowing plenums. sSix % inch (9.53 mm) aluminium ribs on
the top and bottom Plates provided the contour for the % inch (3.18 mm)
aluminium alloy outer skin which was held in place by 6BA countersunk
head bolts, at % inch (19 mm} pitch, in the ribs. The inner surfaces
of the plenum were coated with non setting adhesive (Lion liquid
jointing) before assembly to provide sealing against air leaks. The
plenum stagnation pressure and temperature were measured via a pitot
tube and a thermocouple mounted in the middle of each Plenum,

The slots were made by two numerically machined slot lips (see
Section 2.1.3) which located directly onto the plenum chamber plates.
The slot gap was adjustable and could be locked by 24 locating bolts
in each lip. The lower surface was sealed using two strips similar
to the slot lipl,.machined to fit flush against the cYlinders,
Sealing between the lips, sealing strips and the pienum walls was
achieved by 1/16 inch (1.6 mm) thick, soft rubber strips secured
between them. "Sealastik' was also used between the sealing strips




22

and the sdge cylinders to provide additional sealing. The slot lips,
sealing strips and leading and trailing edge cylinders wers cadmium
plated to protect the slot contraction against corrosion.

The aerofoil was supported by two spigots attached to the end ribs
and rotating in thrust bearings housed in the support assemblies,
The support assemblies and leading and trailing edge cylinders which
extended to the tunnel walls, were left unfaired. This ensured that
the unfaired cylinders would not produce any liftand therefore could

not produce the asymmetric interference encountered by Kind32.

End plates wers fitted and they located into the end outer ribs and
rotated with the model. The end plates measured 34 in x 54 in

(0.86 m x 1.37 m}, the longest side parallel toc the aerofoil chord,
and projected approximately half a chord in front of the model
leading edge. The end plates were wire braced to each other and the
tunnel walls to provide additional stiffness.

The final overall model chord was 23.425 in (0.595 m).

There were 44 static pressure tappings located around the model
centreline (see Figure 17). One of the tappings proved unservice-
able due to being drilled incorrectly. fTubes from the static
tappings were routed through the outer ribs to avoid contact with the
high pressure plenum air.

Details of the blowing air supplies are given in Section 2.3 and of
the pressure data reduction system in Chapter 3,

The aerofoil incidence was set by rigidly mounted incidence locking
arms located near the tunnel walls.

2.1.3 Slot design

The importance of good slot design was highlighted by the variable
performance obtained by other researchers. While the main model was

ol
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being designed a small slot gecmetry model was built, and this ia
shown in Figure 18, It consisted of a 2 in (50.8 mm) square section
tube, with optical glass sides and contained adjustable liners. The
tube was constricted by an offset 2 in (50.8 mm) diameter cylindaer,
creating a variable height slot. The liners could be interchanged

to represent various slot geometries., A vertical splitter plate was
inserted to check that slot flow interference was minimal and that no
significant wake was present over the cylinder. Liquid film, smoke
flow visualisation and schlieren were used to check on the flow within

the slot. This simple model was used to establish the production
slot geometry.

The production slot geometry is shown in Figure 19; details of the
location and sealing are also shown. The geometry was initially
drawn by eye and dimensioned later.

Both the slot lips and the lower surface sealing strips were
produced on a numerically controlled milling machine, this being the
only complex machining involved in the final model design scheme.
The slot lips were designed to have an optimum geometric position at
h = 0.035 in (0.875 mm) and contraction ratios in excess of 50 were
typical. The actual slct lip thickness was 0.010in (0.25 mm), this

being a precaution against lip deflection under aerodynamic or
blowing load,

2.1.3.1 7Two-dimensionality of slot flow

Many researchers, notably Gartshore and Newmanla have indicated
severe problems arising from slot flow which is not two-dimensional.
Figures 20, 21 show the slot flow for this model with a slot gap of
0.021 in (0.52 mm) measured with a flattened pitot tube and a multi-
tube rake. Apart from tho various surface and plenum irregularities,
the uniformity of the flow is excellent. The slot gap was constant
to within $0.001 in (0.025 mm) across the span and the slot lip had
been machined to a sharp 90° edge to ensure a strong fixed

separation from the slot lip. The excess tip jet blowing is Cclearly
sean (in Figure 20) at the edge of the main et flow. The
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inflections in the total pressure distribution at the boundary of the
main and tip jets may also indicate the Presence of a secondary
longitudinal vortex caused by excessive tip jet blowing as discussed
in Section 2.2.3.1. Apart from the inflections, the tip jet blowing
is shown to have little harmful effect upon the main jet blowing
distribution.

2.1.4 Traversing gear

It was required to be able to position a probe at any position within
1 inch {(25.4 mm) of the surface of the trailing edge cylinder,

mainly on the centreline, although some spanwise movement was
desirable. The accuracy was required to be within 0.001 in (0.025 mm)
radially and 150 on 8 (angular position from slot). The @ position
was to be adjustable from outside the working section and the probe

supports should cffer a minimum of flow disturbance;

Thore were three possible arrangements for the traversing gear:

T —— e e

1) housed externally from the model with the probe brought to the

trailing edge, (Kind32).

it} hcused internally within the Plenum or trailing edge cylinder
and projecting the probe radially through the surface, (Jonelsa).

i1i) housed within the trailing edge cylinder with the probe returning
to the surface some distance away from the traversing gear.

The third option was chosen, in view of the Problems encountered on the
first two systems by Pr.vious researchers, and also because of its
improved rigidity and interference properties. The one problem with

this option was that the gear system was to be housed within a tube of
1% in (94 mm) internal diameter.
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2.1.4.1 Mechanical system

N A detail of the final layout of the traversing gear system is shown in '
r ; Figure 22, The drive

unit chosen was an Impex
tYPe 9904 112 0400 with a step angle of 7°30"

. torque of 12 mNm.

48 pole stepper motor
and a maximum working

E The drive shaft from the motor was poaitioned

r inside the trailing edge cylinder and its rot

1

j

ation was then translated
into radial movement within the traversing ge

ar. Many syrtems were
investigated including, rack and pinion,

bevel gears, worm gears and
= cams.

Eventually a worm gear system was chosen as thi

' several advantages; including:- small size for
q reduction;

8 offered

large built in gear

the teeth are in constant mesh; cheap; less susceptible to )
wear, '

Firstly, the mesh of the gears wasg adjustable to keep the worm in firm

contact with the wheel, Secondly, a SpPrung collar was fitted to the E h
{
drive shaft inside the worm wheel to keep the threa

e+ e .

ds in permanent one ' P
way contact irrespective of the direction of motion

The two probe Supports were vequired to give adequate rigidity to the

probe and so the worm system was duplicated at a

4 inch (10 em) pitch,
spanwise,

P S,

traversing gear body and the stepper

motor mounting block. Since the

stepper motor was at a fixed rolative angular position, rotation of the

®ar. The

ub screws,

unit did not affect the Zexo setting of the traversing g

Stepper motor mounting plate was held in position by gr
which clamped onto the trailing edge cylinder.

- The resoiution of the system was as follows:-

1 pulse of motor = 7%3g*

50:1 worm gear reduction = 9°
32,6 t.p.i. on

shaft = 0.0307 inches per revolution
». 1 pulse = 1.279 x 10”3 inches
: o approximately 75 steps = 0,001 in (0.025 mm)
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The motor could be driven either remotely by the PDP-11 computer or via
a4 manual control. The position of the probe was recorded on a counter

as a number of steps from a zero datum and was also available as a BCD
output from the steppetr drive,

s — ek a5 Lt AR

To obtain maximum advantage of the accuracy of the traverasing gear a

reliable zero setting procedure was required. This is described in the
next section.

2.1.5 Position control system

Previous researchers have used either a mechanical or optical, wind off,
zero setting device for the positioning of hot wire probes. These
systeme have many disadvantages, the main one being the deflection of
the probe under airflow, and hence can only be considered accurate to

within +0.001 in (0.025 mm) at best. .

To obtain improved accuracy, the capacitance position control system,

- shown in Figure 23, was developed.

Simply, the probe was used to detect the capacitance between itself and

e et e s i o

the surface of the model. The model as a whole was energised with a f
5 volt r.m.s., 5 KHz a.c., signal; the charge detected was amplified and ’
passed through a phase sensitive detector set at the same {requency.
The final output voltage was compared with a preset reference voltage
which enabled inhibition of the stepper drive system. A typical output
é for measured voltage against distance from the surface is shown in
Figure 24. The voltage produced was a function of probe orientation
relative to the local surface, but for any run the orientation was
conatant. Using this system, the probe could be positioned optically
wind off and the zero returned to, reliably, wind on, even if the

drive system miscounted the number of step pulses or the probe was

AT T AT T e AT et
-

moved to a new anéular location around the trailing adge, There were
four main advantages with this system:-

1) the electric field is unaffected by airflow and thus the proba
could be positioned whilst the tunnel was running,
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i1) when close to the surface, the repeatable resolution was better
than 0.0001 in (0,0025 mm).

iid) any wire or film probe can use this system. Any insulated
metallic pressure probe could also use the system, although this
was not investigated in the current work.

iv) a probe can be positioned over any metallic part of the model.

Using this system and a travelling microscope, a single sensor probe
can easily and repeatably be positioned at its minimum distance from

the surface dictated by the prong tip diameter.

The potential of this system for probe positioning over the entire
surface area of the model was not realised at the initial design stage.
Hence a thin brass strip was inserted around the trailing edge, on
the centreline, to enable probe positioning on the model centreline.
puring the experimental work however, the anemometry probes were
positicned over the steel cylinder away from the pressure tappings to
avoid the majority of interference effects from the surface

discontinuities.,

It should alsc be made clear that the anemometer probes were electrically
{jsolated from the model. This was achieved by supporting the probe
holders in non-conducting nylon pushes and isolating the model from a
common earth. The probe connecting cable was also isclated from the
fluctuating field by the addition of a further braided wire sheath

around the cable. The field was automatically inhibited when the

prcbes were activated.

The system has been shown to be accurate enough to ba used to test for
vibration of the probe mounting and probe supports. The probe was
driven into and out from the surface and the output monitored on a
storage oscilloscope, (see Figure 25). The results show little

detectable vibration, wind on or off,

o g e it 3 -2
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2.1,5.1 Typical oparation of traversing gear/position control system

for a houndary layer traverse

. The following section illustrates the use of the position control/

traversing gear/anemometer systems to perform a simple boundary layer
traverse,

i)

ii)

ii1)

iv)

v}

vi)

vii)

viid)

switch stepper control to 'Manual’' and 'Ref. pt'.
mount probe and align with surface.

move probe towards the surface, monitoring the gap with a

travelling microscope.

when the probe is at the desired zero position, adjust the
reference voltage to match the probe output voltage, Note, all
metallic equipment other than the model and probe should be
remcved from the working section as they affect the field

around the probe and hence the reference voltage would be
incorrect.

set step counter to zero.

move probe away from the surface and switch to 'DISA'. This
enables the probe tc be heated and the zero flow voltage
measured. It should be noted that the proximity of the model
may significantly affect the measured zero flow voltage. It
was found necessary to determine the variation of zerc flow
voltage against distance from the surface so that a true zero

flow voltage could be determined at any known position from the
surface.

switch back to 'Ref. pt.' having switched off the probe; start
up the tunnel.

whilst monitoring the probe output voltage, drive the probs
towards the surface. 1If the probe stops due to reference point

N
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voltage, then the probe has deflacted towards the surface; zero
the counter. If the probe atops due to zaro on the counter, the
probe has deflected away from the surface) allow the counter to
go through zero until the reference point voltage is encountered
and then zaero the counter. Typical deflections dus to airflow
were of the order of 0.001 in (0.02% mm) ,

ix) the probe is now positioned at the original set point. Switch
to 'DISA' and activate the probe. The probe can now be driven
away from the surface and the anemometer output voltages
recorded.

x) having completed a traverse, switch off the anemometer (note:
tunnel still running) and switch the stepper control to 'Ref.
Pt.'. The traversing gear can now be moved to its new angular

position and locked in place.
xi) repeat viii), ix;, x)
Using thig procedure the probe could be accurately reset close to the
surface, taking account of small surface irreqgularities and deflection

of the probe due to airflow.

2.2 The 7 ft x 5 ft wind Tunnel

The wind tunnel used was the Bath University large dual purpose tunnel,
shown in Figure 13, The model was mounted vertically in the 7 ft x

5 ft high speed working section as shown in Figure 26. The tunnel is
powered by a 170 h.p. motor which drives a 4 bladed fan, 10 ft (3.05 m)
in diameter. The high speed workingy section ham a 4:1 contraction
upstream, fitted with a gauze, and downstream there is a multicell
diffuser. The maximum continuous centreline velocity in the high
speed mection is 160 t.p.n. (49 ms 1), "he return duct of the tunnel
is & 12 £t x 10 £t industrial working section with a maximum centre-
line velocity of 40 f.p.s. (12.3 ms 1). A three component balance is
mounted above the high speed working section but this was not used as
the model was mounted vertically to obtain the maximum tunnel height:
chord ratio.
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2.2,1 Calibration of the 7 ft x 5 ft working sectinn

Prior to testing the awrofoll, the working section was recalibrated to
take into account the effect of the aercfoil upon the refersnce static
pressure difference tapping located on the side wall at the entrance
to the working section. A series of new tappings was positicned in
the ceiling at the end of the contraction and the static pressure
differonce acroes the contraction was recorded with and without the
model in place, The static pressure difference was measured on a Betz
micromanometer and referenced to the dynamic pressure at the gauze
measured by a pitot static tube and an alcohol micromanometer. The
static pressure tapping which suffered least model interference for
maximum contraction static pressure difference was chosen and a
calibration of Betz mancmeter readings against working section dynamic
pressure obtained (Figure 27). The third tapping from the start of

the working section was found to best satisfy these conditions.

The tunnel was operated with the low speed working section vented to
atmosphere to avoid air inflow through the alternative vents in the
high speed test section.

During initial commissioning runs of the aerofoil it was apparent that
the flow in the working section was severely disturbed and an initial
rake survey showed the flow field to be asymmetric as shown in

Figure 28. On examination of the tunnel, the contraction gauze was
found to be partially blocked with dirt causing a recirculating |
separation bubble in the contraction, The gauze was cleaned and the
calibration and rake survey repeated. The flow was shown to be
greatly improved (Figure 29).

2.2.2 Investigation of free stream turbulenca

During the calibration of the high speed working section, the free
stream turbulence levels were investigated using a dual sensor DISA
hot wire probe. The results (Figures 30, 31) clearly show the
disturbed naturs of the lower flow prior to the cleaning of the gauzas.
The free stream turbulence in the undiwturbed region is less than 1%
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and can be considered isotropic., The anemometer was operated as
described in section 3.2.4,

2,2.3 Proposed testing conditions

All experiments were carried out at a constant free stream velocity of
31.9 me ! given by a reference preosure difference of 60 mm of water
on the Betz micromanometer. The velocity was kept at this modest
value to enable a better comparison with the work of Kindaz, and also

to ease the noise problem for the operator during the anticipated long
run times. These conditions gave a test Reynolds number of
approximately 1.3 x 10° based on the aerofeoil chord.

The slot blowing rate was seen to have a slight effect upon the
reference pressure difference but it was small compared with itg
effect upon the downwash corrections. At each test point, the tunnel

r.p.m. was adjusted to give a constant reference pressure difference,

The low speed return section of the wind tunnel was vented to atmos-

phere, providing a free stream stagnation pressure slightly less than
atmespheric.

(patmos - Pom) < 1l cm of water

This proved to be of advantage in the determination of the radial
static pressure distributions (see section 3.4).

2.,2.3.1 pffect of tip qets

Following the recommendations of Englar and williaml4° discussed in
Section 2.1.1.1, small tip jets were installed at the extreme spanwise
positions of the trailing edge blowing slot. The basic idea was to
blow the tip jets two or three times harder than the main jet and
effectively disrupt any vorticity which might be shed at the junction
of the asrofoil and the end plates. The vorticity present can be
reduced by careful filletting between the end Plate and the model skin.

NENI T N . S
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In addition, the large adverse pressures gradients which exist at the .
trailing edge of the aesrcofoil have a very pronounced effect upon the
end plate inner surface boundary layer.

An attempt wae made to ascertain the effectiveness of the tip jets by
measuring the flatness of the spanwise, upper surface, half chord
pressure distribution. Eight static pressure tappings were incorporated
at the 50% chord station, equispaced to within 1k in (76 mm) of either
end plate. It was found however that little non-linearity could be
detected with or without tip jet blowing.

The overall effect of the tip jets, as shown in Figure 32, was to

E _ increase the value of CL by an amount which increased in proportion to
‘ the amount of tip jet blowing. Since no plateau or peak was indicated
in the production of extra CL' it was decided to attempt an

optimisation using flow visualisation. It was found that a single

i

E wool tuft positioned over the splitter between the tip and main jets, :

: extending over the trailing edge, proved most successful.

i
When no tip jet blow was used, the main Jet caused the tuft to deflect
towards the centreline of the model. The amount of tip jet blow could
then be adjusted until the tuft was parallel to the endplates,
indicating no crossSlow in the stream. This is suggested as one of
the best methods of ensuring two-dimensionality in circulation control
testing, particularly at low free stream velocities. It should be
noted that the tip jet blowing system became less effective at
increased slot heights due primarily to the nature of the non-
adjustable sealing strips between the main and tip plenum chambers in
the slot rontraction. Almo, if the tip jets were blown too hard, a

secondary vortex was created between the tip and main jet flows,
ve-introducing three~dimensional effects.

The optimum amount of tip jet blowing was not obvious but is thought
to Qe a function of the main jet momentum, the overall circuiation and
the geometry of the end plates.
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2.2.4 Blocckage corrections

A simple solid blockage correction was appiled to the free stream
dynamic pressure since the effects of the high lift ccefficients,
model mounting, air supply pipes and the impingement of the strong

~ wake on the multicell diffuser were difficult to determine individually. |
The correction applied was from Pankhurst and Holder42 and it was
assumed that the model spanned the tunnel, to take account of the end
plates and mounting tubes.

The correction is given by

Uy = Up(l + €,) (2.1)

& 2
where € = T J\(—)
8 h

o T = 0,822 for a closed tunnel
) t . maximum aerofoil thickness
h tunnel height
A= k(1 + %) for an ellipse
[} aerofoil chord
t aerofoil thickness

This gave a blockage factor of 1.0275 for the free stream dynamic

pressure. The test conditions were then

ou2 = 613 Nm™2

throughout the experiments.
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2,3 The Blowing Air Supply

2,3,1 Description of system

A schematic dlagram of the blowing system is shown in Figure 33. The
blowing supply system was based on a Bellis and Morcom, cil-less,

3 cylinder compressor delivering 1300 c.f.m. F.A.D. up to 8O p.s.i.g.
110%. The compressor delivered the alr direct to a settling tank. A
self regulating Arca valve installed at the cutlet from the settling
tank, provided initial regulation of the air supply. A galvanised
pilpe was installed, external to the buildings, between the settling
tank and the wind tunnel, and a Hattersly stop valve was provided at
the entry to the wind tunnel building. To improve hot wire/film life
and reliability a Domnick Hunter 0.1 um filter was fitted immediately

downstream of the stop valve,

The flow then passed through a manifold into three separate channels,
each controlled by its own Hale Hamilton RL6D dcme valve. Each RL6D
was operated by an L15 controller, powered from a tapping just down-
stream of the filter. This provided a system with independent control
for the leading and trailing edge slots and for the tip jets. Each
flow, regulated by an RL6D, was then split into two to supply each side
of the model. Shortly after splitting, the flow for the main slots
was transferred to 2 in (50.8 mm) I.D. braid reinforced nylon tube of
40 p.s.i.g. maximum working pressure connected to the model manifolds.
Orifice plates (see Section 2.3.2) were positioned in the flexible
hose for the main leading and trailing edge flows only. The tip jet
flow passed to the model through % in (9.5 mm) bore nylon tube.

The maximun pipe flow Mach number was kept below 0.45 to reduce losses;
the worst possible conditions were evaluated thus:

PIoUR " TR SN
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Worst Maximum
flow case(c.f.m) Mach number
6" pipe settling tank to stop valve 1300 0.1
4" pipe stop valve to 3-way manifold 1300 0,22
" pipe 3-way manifold to 2-way manifold 1300 0. 395
2" pipe final supply to model 650 0.44

The final case was equivalent to nearly three times the flow required
to choke the main trailing edge slot.

It was not considered necessary to accurately monitor the tip jet flow

and the dome regqulation pressure was found to be sufficient for control.

2.3.2 Calibration of orifice plates

The orifice plates fitted in the upper and lower, leading anad trailing

edge main jet supply lines were designed to 38104243. Since the
required operating flow range was large and the connecting tubing was

unable to comply with the recommendations of 33104243, in terms of

minimum straight lengths either side of the orifice plates, a
calibration was made.

A series of nozzles was manufactured to the general design ehown in

Figure 34. fThese could be fitted in turn to the upper leading edge air

supply pipeline, the lower leading edge hose being blanked off.
ensur’ng that the flow through the nozzle was choked,
relationship could be assumed:

By
the following

AP y
Boogsle o.sas/_—;f- (%) kg 8%

{2.2)

where A = area of axit (mz)

To = stagnation temperature (°K) measured
by a thermocouple upstream of the nozzle

Po = stagnation pressure in Bars, neasured

by a Statham pressure transducer upstream
of the orifice plate

Y.R are the usual gas constants, for air

e o et
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Three nozzles were made with different axit areas, enabling wide
coverage of the flow range.

With the mass flow, Po and To obtained as above and the pressure
difference across the plates measured on a specially constructed water
manometer, the calibration was obtained ag:-

T

f P—° = 0.146 [An {figure 35) (2.3)
o]

whera Ah is the pressure difference across the orifice plate measured

in cm of water.
It was later found that there was a difference between the flows of the
upper and lower supplies, but since the calibration applies to all flow

rates, 1t applied equally well to all four individual supplies.

2.3.3 Blowing Supply control and instrumentation

With the blowing system coupled to the model, it was found possiblae, in
the mass flow calibration, to replace the stagnation Pressure upstream
of the orifice plate by the model Plenum stagnation pressure, with
negligible errcr. The system was thus controlled primarily by
monitoring the plenum pressure on a Statham 0 - 25 p.s.i.d4. pressure
transducer. Although small variations in Ah and Tb occurred from day
to day, in using constant Po settings, the overal] repeatability of the
values of Cy was found to be better than 2%, the transducer sengitivity
being adjusted accordingly. Full details of the calculation of Cu are
given in Section 2.3.4.

Alternatively, the upper leading edge blowing Supply could also be used
as the supply for the anemometer calibration rig (see Section 3.2 and
Figure 36). Dependent upon the nozzle size, a wimilar accuracy for
nozzle exit velocity as for Cu could be attained.

As mentioned in Section 2.3.2 a difference existed between the upper
and lower model plenum supplies, due to the difference in length of

P — e ——————
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Pipe runs. This was alsc the case on the tip jet supply. Where the
main supplies exhausted into a near stagnant plenum, the tip jets
maintained the asymmetry through the blowing slot. PFor this reason, a
mmall restrictor valve was placed in the shorter tip jet supply line
enabling equalisation of the blowing rates. This valve had to be
adjusted according to the slot height and unfortunately slightly

reduced the capability of the tip jets to control three~dimensional
effects,

Serious instabilities were encountered on the RLED dome valves in the
form of a resonance between the valve lip and seat just as the valve
cpened. As the valve ‘cracked', a region of high suction was formed
between the lip and seat causing the valve to close and then open,
once more, under the dome pressure. The resultant 'trumpeting' was so
Severe as to prevent testing of the aerofoil. After extended testy
the only satisfactory solution was to increase the valve gpindle
damping by £illing the spindle support cavity with Tate and Lyle
'Golden Syrup'. All oils tested lacked sufficient viscosity and all
greases failed to flow back to the closed position. The application
of syrup not only stopped the resonance but also reduced the low
frequency variations in blowing supply from sundry causes such as
interactions with the Arca valve.

2.3.4 Evaluation of the blowing momentum coefficient, Cu

The blowing momentum coefficient is given by

m vJ

'spvis

C =

2.4
y (2.4)

now for two-dimensional tests

‘P2p V3
c, = —5—
Hoevt e
{2.0)
where ﬁzn = mass flow per unit span

va = jet velocity
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The value of the jet velocity was obtained from a small iterative
pProcedurs hased on an isentropic expansion in the nozzle,

oW

Since the stagnation temperature and pressure in the plenum are
a value for P, can be found.

known,

{2,6)
o RTO

____,_____,_._?,7.___._:._,_,__....,,._,-...
b

Assuming that the flow is incompressible, an initial value of the slot
Mach number can be found.

flowrate to the aercfoil slot flow.

i

,t, Mo - (2.7

! p_x /YRT X area of slot

A o (¢}

g -
I

E Due allowance was made for the reduction in slot span due to the

3

i presence of the tip jets, when relating the orifice plate calibrated )
;

B e P

This now allows a first estimate for p, 8ince

2.5

2 !
p M |
3"-- (1 + ?" ) (2.8)

The procedure can be repeated and the value found for MJ which solves

the loop. This takes no account of any losses or boundary layer
growth within the slot,

The value of the plenum stagnation pressure is found relative to the
unblown slot exit static pressure. The error caused by not referring

to the actual slot exit static pressure in the presence of the jet was

small since low blowing rates were used and the free stream dynamic )
pressure was small cuwparud with the plenum stagnation pressure. )
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As a check on the calculation procedure, the trailing edge jet

. valocity was determined by three independent methods.

i)

The duct variables were assumed to be the plenum stagnation quantities,

Assuming isentropic conditions at the nozzle gives,

y=1)
e () (1 22}
;" e 7, (2.9)
1
3 +1 lk
/ Y
B, = A, P |-t (5’3) Y (Pﬁ) (2.10)
isen J "D (Y - l)RTD PD PD
wherea TD = duct temperature (2K)
PD = duct pressure (Nm‘z)
2

P, = free stream static pressure (Nm *)

The mlot contruction ratio for thie test wam 70 : 1,

ii)

R it o Ve

A single sensor hot wire probe was placed in the middle of the
jet and the velocities calculated from its calibration. The
probe was maved 0.001 in (0,025 mm} either side of the centre-
line of the slot and no velocity change was apparent. The heat
loss to the model had a large sffect on the performance of the
probe.
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1i1) The Cu caleculation program could be used ko detarmine the slot .
valocity. .

Rk

The results of the three methods are shown in Figure 37. The agreement

is surprimingly good. The deviation of the Cu calculation could be due

to losses in the slot, while the apparent increass measured by the hot

wire could be due to boundary layer build-up in the slot and probe

blockage at high speeds, and to model interference effects at low
speeds.

The slot height for this test was 0.021 in (0.52 mm) and the agreement

= 4) was conaidered

for jet velocity over the test range (up to VJ/Vw
satisfactory and not to warrant further investigations.
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Lo, 3. INSTRUMENTATION

3.1 Pressure Data Acquisition System

A block diagram of the system is shown in Figure 28. Two 48 port 'J'

series Scanivalves were used, allowing alternate tappings on alternats

e

Scanivalves to provide the sequence for the static tappinge. This
enabled each transducer to return to ambient pressure before the

experimental pressure was applied, thus avoiding pressure lag problems.

t

i 3 The Scanivalves were controlled by an online PDP-8 computer which

b 8tepped them in sequence and analysed the data. At each measuring
point the transducer was allowed a settling time of 250 ms and then

the pressure at the transducer face was found as the avarage of
50 samples over a 50 ms period,

ST R TR e e

The tranaducers were a Statham +2.5 p.s.1.d, and a Setra +5 p.s.i.d.;
they were identically calibrated over the same range using the low

pressure transducer calibration system (gee Section 3.1.1). The range

.._,__.:.,,._,,_,,__.*,,,,
-

of the calibration was determined to give the maximum signal
permissable for the tests envisaged within the 10 volt A/D converter

! range of thes PDP-8 computer. The derived transducer sensitivity was

then input as a program constant, The maximum pressure coefficients

allowed were +5.5 based on a free stream dynamic pressure of 613 Nm 2.
This range was only possible because of the low blowing rates being
used; previous researchers had encountered pressure coefficients in
excese of -20 in the trailirg edge suction peak,

The analysis of the data was performed, as shown in Figure 39, by a

i Scanivalve control program on the PDP-8, discussed further in Appendix
i I. Briefly, points were interpolated midway batween adjacent data
points using a Langrangian interpolation technique. At the leading
and trailing edges, where high curvature of the distributions was

present, certain restrictions were placed on the interpolation routine
to reduce instabilities. These had a small effect upont the overall
performance results, The lift coefficients and pressure drag

cosfficients were evaluaced using a simple numerical integration
technique.




It is usual to svaluate the normal force coefficients including
allowances for the reaction thrust of the jet,

= C, + Cgsiny
cunmcu‘

(3.1)
" cDm - Cuoulu

where p is the angle of the jet exit to the horizontal and the aub-
script m indicates the initial measured quantity. Since this work was
mainly concerned with the detailed trailing edge inveatigation, thege
corrections were not included in the computer program. The effect on
the lift coefficient would be small since Cu was generally less than
0.03 and u was small. The effect on the drag force is much larger;
however the initial accuracy of the drag integration was questionable
due to the lack of static pressure tappings around the trailing edge.

The results, including the interpola-ed values, were displayed on a

CRT display at the tunnel conscle, enabling an immediate visual check
on the flow.

The aerofoil pressure distributions were used to evaluate the effective

incidence of the aerofoil and this will be described in detail in the
next section,

3.1.1 Evaluation of the aerofcil effective incidence

Since an aervfoil with a rounded trailing edge does not exhibit the
well known 'Kutta' condition of conventional sharp trailing edged aero-
foil sections, the determination of the effective incidence is complex
and subject to error, K:I.nd32 used a method of comparing pre-drawn
potential flow pressure distributions with the exparimsntal results.
This enabled the downwash correction to be calculated and the effective
incidence deduced. This method has been adopted and improved in this
study, by matching the experimental and theoretical pressure distri-

butions over the leading half chord. Tha leading half chord was chosen

AR s e
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in order to avoid the major direct effects of the blowing jet which 1
. occur round the trailing edge.

The theoretical pressure distribution around an

ellipse, given by
Jon0133 for example, is

G =1l- (%.) ) (§j2+ (1- (%)2) sin(@ + 8) (3.2)

L 2(1+ %) (nin 0 + Jin(a + Y)) !

® 14 (-:-)2 - (1 - (%))2 cos (20 + 20) ]
c “

and Y = arcsin —-—I"--é- -0
. an (1 + E-)

o FUTITRR LT TETE T T T RET T T T

@ = effective incidence, @
aff

0 <0< 21 guch that E = k(1 + cond)

£« 5(E)uine

c

Thus, if © is defined at the static tapping positions the

theoretical
- pressure coefficients at these points could be determined for a given
3 CL and n off" The exporimental leading edge half chord c was

calculated as a first step. The value of the estinated u TRLL input

to the Scanivalve control program by the operator. The
evaluated a set of theoretical points and

program then
adjusted the value of the
theoretical cL until the integrated areaz of the thecretical and

experimental leading half chord distributions were aqual,
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A comparison of the measured pressure distribution with the potential
flow solution was shown on a CRT display in the wind tunnel, The
cperator then 'visually' iterated to obtain the beat fit to the
pressurs distribution over the leading half chord by

astimates of the affective incidencae,

successive

The three major problems with this technique were:

1} the model gecmetry differed slightly from that of the true

ellipse, due to the circular arc leading edge and the forward
facing blowing slot.

i1) the effective incidence could only determined to +k°
gingle data point,

at any

1i1) the technique could not be used when the leading edge was blown

since the forward jet flow caused too great a disparity between
the theocretical and experimental distributions.

Examples of the displays produced by this technique are shown in
Figure 40. Further discvssion of the accuracy of this simple

theoretical calculation is given in Section 5.1.1.

3.1.2 Low pressure transducer calibration

This system was for use where the required pressures
30 in (0.76 m) of water.

were less thnn'
It consisted of a small pneumatic actuator
which was coupled %o the transducer and a water manometer. This
simple system proved to he very reliable and accurate over its small
range. Also it was simply adopted toc enable both Scanivalve trans-
ducers to be calibrated at the same
errors between them.

time, thus avoiding any sensitivity
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3.1.3 High preasurs transducer calibration

This system waas originally produced for use on the supersonic wind
tunnel facility at Bath University. It consisted of a4 needle valve
controller which allowed simultaneous preasure supply to two
'calibration standard: Wallace and Tiernan gauges, giving differential
and absolute pressures, and to the required pressure transducer. The
supply was vented to atmosphere via a short gection of fine glass
capillary tubing which allowad the system pressure to stabilise
quickly.

The whole system was fed from the main blowing supply via the tip jet
valve controller. This enabled the maximum calibration pressure to be

set, avoiding any possible over pressures being applied to the trans-
ducer face.

The maximum range of this system was BO p.s.i.q.

All transducers were calibrated using either of these two systems and
showed negligible hysterisis. An example of the calibration of the two

Scanivalve transducers using the low pressure system is shown in
Figure 4],

It is important to note that the Scanivalve transducers were calibrated
in situ as it was apparent that the operating temperature within the
Scanivalve housing had a definite effect upon the calibration. The
zero of these tranaducers was also found to be affected by the securing

-angion of the transducer retaining caps in the Scanivalves.

3.2 Hot Wire Anemometry
3.2.1 Calibration rig

All investigations an2 calibrations of the anemometer squipment were
performed on the nozzle rig shown in Figure 36. This is a ginilar
arrangement to that described in Section 2.3.2, for calibratine the
orifice plates. By use of different size nogzles, velocities from

e e et et . o
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25 ms™! to 300 ms ! could be produced, The nozzles were all produced ]
to the same geometric form shown in Figure 34,

The calibration rig used filtersd air, as mentioned in Section 2.3.1,
to improve probe life and reliability and was

fitted with a rotating
table which supported the

varicus probe configurations.

]
An experimental investigation of the calibration jet was performed
using a DISA dual sensor wire probe,

the operation of which is
discussed in Section 3.2.4,

The results obtained showed the extent
and development of the constant velocit

Y core and the turbulence !
levels within the jet.

These tests indicated that a probe could be
centrally positioned up to 1 inch (25.4 mm) from the nozzle face

without loss of Jet velocity. The results are shown in Figures 42, 43, ‘

iscussed in Sectien 2.3.2 was used to
determine the jet velocity at the nozzle.

The orifice plate calibration 4

. i
The ability to position a probe away from the face of the nozzle
increased the rotational limit of the rotary table by some 40°.

This
: was of particular importance in the calibration of the split film probe

: since it enabled the flow angle to become negative for the chosen
: probe geometry (see Section 3.3,

PSPPI SO |

3.2.2 General comments on hot wire anemometry

In general the hot wires and the associateqd instrumentation were i
Operated in accordance with the relevant Operation manual. ;

i
The wire anemometer bridges were adjusted to operate at their maximum

bandwidth at a typical expected flow velocity and an upper limit

frequency response of 40 KHz was attainable (gee Figure 44).

iR L f S St AR L

. i
It was assumed that the wire probes followed a Kings Law type relation~ s ?
ship given by«

£Elap?, st"

B o (3.3)

where B and n are the calibration constants,
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The constant n was to be measured am it was felt thet the valus aof

0.5, usually assumed, was unruliable over such a wide velocity range,

It can be shown that the effects of ambient temperature drife are

confined to a variation of B, the intercept of the log plot, rather

than the slope n. Kriatensen44 proposed a solution to thig problem,

which has been extended by Staramore45 and as a final exact solution

(see Appendix II for details) can be shown to be

2

E,SS =B 2, ( 1 )u" (3.4)

o] [¥3
Mot g

where
U = overhe:: ratio
(Tfluid B Tcal)
Teluia

o =

T measured in °K

This relationship not only allowed correction to calibrations for
ambient temperature drift but also allowed the calibration temperature
to be corrected to a single value if the run temperature varied. The

effect of varying the required calibration temperature at a fixed
overheat ratic is shown in Figure 45.

The standard equation can be reduced to:-

E 2
43
(_3_2 -1)(1-’-3)-'-3—20" (3.5)
E E
[+ [}

and by plotting the log of both sides, the values of B/E 2

o and n can
be found,

The following correction to the measured zero flow voltage was assumed,

to take account of the influence of convective cooling. With the wire

T AL i A B 4w e o
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aligned in the vertical Plane:

Eo = 0,92 x Eo measy red (3.6)

An extensive investigation was performed into the effects of flow
tamperature upon the overheat ratio and calibration of wire probes,
The usually adopted probe setting procedure is outlined below:

1) 2ero probe cable resistance on anemometer bridge,

ii) measure probe resistance r

iii) sget operating resistance on anemometer decades,

ro = (1 + g) rp . {3.7)

iv) operate probe in flow field.

Throughout thisg work, the DIsA anemometers were unable to Zero the

cable resistances and ¢onsequently the resistance used to calculate
the operating resistance was assumed to be

rp rprobe + cable ~ rcable (3.8)

The value of rcable <ould be found from the resistance decades asg

that
value necessary to give zero cable resistance,
1. was also apparent that if allowance was

made for variations in
ambient fluiqd temperature while

operating, then allowance should aleo
be made for the value of the probe

moving fluid temperature. An
the value of n

cold resistance varying with the

extensive series of tests indicated that
significantly decreased with increasing overheat ratio.
Bince the overheat ratio is a function of the

difference between the
probe

operating temperature and the ambient £luid toamperature, it
ssemed advisable to evaluate the operating resistance from a probe
resistance measured in the presence of the moving fluid. This was

o T T —
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thought to be the only way of maintaining constant overheat ratio and

hence constant calibration, over a period of time.
Equation (3.8) now becomes

r (at moving fluid temp) - {3.9)

p - Tprobe + cable Tcable

In the experimental arrangement already described, variations of fluid
temperature from +20°%c to -5°C were common, dependent upon the ocutside
weather conditions and the air mass flow rate, whilst the aubient
tunnel air varied from +100C to +35% depending on how long the wind
tunnel had been running. The importance of the revised technigue is
apparent and tests indicated an improvement in the repeatability of

the calibration constants for a given wire from #5% to il%.

A typical wire resistance temperature coefficient, o, given by

r, = ro(l + G(Tl - To)) (3.10)

was found to be

G = 3.695 X 10> Q per °C

Hence a 10°C variation in ambient temperature would change the
operating resistance by nearly 0.07 £ at an overheat ratio of 0.8.
This would have a significant effect upon the zero flow voltage and

the probe calibration in general.

The reascn for the variation of calibration with overheat ratic is not
clearly understood but may be a function of the change in thermal
stress of the wire between the prongs caused by the chanje of operating
temperature. The easiest solution was to adopt the above procedure

and run at a constant overheat ratio of 0.8. fThis overheat ratic was

chosen as a compromise between frequency response aid probe life.

A further series of experiments indicated little variation in the
calibration constants over extended periods of time. The reason for

AR .. ey
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this is thought to be the 'clean' air supplied by the 0,1 um filter,

The calibration equation (3.5) was initially used in these tests;
however, the emall variations in n that have previously been discussed
caused large variations in B because of the remoteness of the data

points from the vertical scale. It was found more reliable to use the
following equation:

g -
B *] B n .
(_2 - 1)(1 + E,.) - = (1LOpPM) {3.11)

Examples of the two techniques are given in Figure 46. The values of
n obtained from both technigues were consistently close to 0.4 and

the improved confidence in the intercept from the second method is
cbvious.

The calibrations were all obtained by a linear regression method
programmed on a PDP1l/34. Typically, greater than 99,9% correlation
was achieved and it was found sufficient to take only 5 or 6

experimental points to determine the calibration constants.

Boundary layer wire probes (5 um diameter) and DISA D series bridges

were used throughout the single sensor experiments.

Two data reduction techniques are available for hot wirg anemomatry,
The unlinearised signals can be analysed by either an analogue or
digital technigue. The analogue technique is particularly suited to
single wire operation and will be discussed in Section 3.2.3, while
the digital technique offers many advantages where more than one
senscr is used (see Section 3.2,4)., It was decided not to use
linearisers in this work since the controlling parameters were
susceptible to ambient temperature variations evident as changes in
the wire calibration constants.
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3.2.3 Operation of single sensor wire probes

All single mensor probes were operated on the simple analogue system
shown in Figure 47. The reduction of the turbulence data and deter-
mination of the mean velocity, including the effects of ambient

temperature drift, were performed on a pocket programmable calculator

using the inverse calibration equation and the recommendations of
Mojolads.

[ _ Yn
E
B a
(E—z -1 (l + E)
- a o -1
U= 1op B ms {3.12)
E 2
° J
where a = speed of sound = YR‘I‘F ms-l
|72 = E
]
I.l_—-_ - e2 ;":— —__—2—-5—_-2- (3.13)
U [EB - E_ )

where Ve: is the r.m.s. of the flurctuating portion of the bridge
signal and the bar signifies a time averaged quantity.

Extension of the simple analogue technique to dual and triple sensor
probes is possible but requires the use of summing and multiplying

circuits. Full details of the necessary relationships are given by

Mojola46.

An example of the affect of yaw angles in the plane of the prongs and
normal to the wire is given in Figure 48. It is clear from this
figure that the contraction effect of the prongs when the flow is
normal to the prongs and wire produces approximately a 10V increase
in the effective cooling velocity of the flow. Whereas when the flow
is angled in the plane of the prongs, the effective cooling valocity
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is a function of the sine of the yaw angle, representing the effactive
length of the wire in yaw,

3.2.4 Operation of dual mensor wires probes !

Whilst it was not expected to use these probes for investigations

around the trailing edge of the aserofoil due to their lack of spatial

resolution, their operation was investigated to gain experience in
the use of dual sensor probes. Each sensor of an X-array wire probe
was calibrated normal to the airflow in exactly the same manner as a

gsingle serisor probe,

i
The digital analysis technique used by Starsmore45 was adopted for
this work since it was simpler and more adaptable than the equivalent ‘ .
analogue dual sensor technique. It consists of sampling the output . ‘“
of both wires at discrete time intervals and calculating the .
instantaneous velocity vectors for each time step. ‘It has been - ¥

shown that the instantanecus velocity vectors for an X~array dual . ;|

sensor probe in the XY plane (see Figure 49 for co-ordinate system)

|
E : are: i
= j
- 2, 2 2. 2y 2 2 2
g L (9 + 5 ) + L‘_‘_; o 9 - g
| Iz (1 + a) (1 + a%) (a? - 1) {
f (3.14) !
1 2 2 | ;
‘. (9" - a7 :
: Ve 2 !
; 2(a® - 1)U :
g.
i where q, * effective cooling velocity wire #1

effectivo cooling velocity wire #2

direction sensitivity coefficient

il LU A o
& 0
(X
] |
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A Iull derivatien of these equations is given {n Appendix II,
If a total of n samples is taken at a frequency £, then the time
averaged mean gquantities are given by
f
n
E-AE u
n n
n=}
o (3.15)
' n
. = 1 E
V-H Vn i
n=]
; : . At each sample point, the fluctuating velocities are then given by:
o
b
!
P -
; w =y -y
. n n
(3.16)
E Vi =V -V ‘
r n n f
|
|
: - n
1 2
] - -
and u - E (Un u)
] n=
n
2 = 2 (3.17)
' - - -
v o V, = V)
nm}
n
l -
Tt o o - -
u'v n E (Un U)(Vn V)
nu}
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Thus the time averaged mean and fluctuating quantities
deduced. Full details of the program developesd for thins me thod are

given in Appendix II. The procedure cin_be repeated by reorientating
the probe in the XZ plane to produce W, w'2 and u'w',

The valus of a, Jhere

meagured veloclity .
actual velocity ' for flow parallel to the wire

is generally accepted to be 0.2. This was shown to be a resonaple

assumption compared with the results measured in this work (see
Figure 50).

The sampling frequency £, is desired to be as high as possible, or
the sample size should be increased in order to ‘capture' the

maximum turbulence contributiocn. The sampling rate'of the PDP11l/34

A/D converter has a nominal maximuwn value of 3.4 KHz using the supplied s
system library routines. 1In practice thig figure can only be

approached dependent on the type of storage file management employed.
A maximum rate of 2.6 KHz was attained for this study,

A total sample size of 2560 samples per wire was finally used as a
compromise between accuracy and analysis time, This sample size

showed negligible error in turbulence meas ament compared to one of

32000, and gave an order of magnitude decreage in analysis time.

Block diagrams of the dual sensor analysis system and the related
computer programs are given in Figures 51, 52 (and see also Appendix
II). The filtered fluctuating components of each bridge signal are
amplified to the maximum $2.5 volts permissable by the PDP11/34 A/D
converter. The amplified fluctuating inputs ware monitored on an
oscilloscope to avoid saturating the A/D converter. The base signal
r.m.s. and time averaged mean voltages, input to the computer, were .
then used to recreate the actual voltage, and hsnce the velocity,

time history. 1In this manner the maximum fiuctuating signal
definition was obtained.

are simply :
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. This data reduction technique was used to investigate the tunnel

free stream turbulence levels and the calibration jet development
(sse Sections 2.2.2, 3,2.1).

3.2.5 Bources of error in the hot Wwire anemometry measurementcs

3.2.%.1 The temperature gradient across the wall jet
1 :

As has already beer. stated in Section 2.3.1, the blowing air supply
temperature was very dependent upon the ocutside weather conditions.
It was usual for the jet air temperature to be of the order of 10°c
F } cooler than the surrounding tunnel afir. Having indicated the

i

dependence of a hot wire probe calibration on ambient temparatuvre,

' ; the importance of the techniques previously described (see Section

% % 3.2.2) to account for these variations becomes apparent. However

: E ) since the wall jet produces a strong entrainment effect between the
E : jet and the external flow, the existance of a temperature difference

between the flows produces a temperature gradient across the flow

which varies with downstream posiition, the cold blowing jet air
gradually being heated to the ambient conditionsa,

Since the temperature gradients were indeterminate for this study,
the effects were allowed for by using the jet temperature at slot
exit to adjust the wire calibration, In this way the error was

reduced for the high velocity measurements, but some discrepancies
were apparent in the wall jet edge velocities compared with the split
film measurements (see Figure 98, 99). Had the tunnel air temparatire
been used, the edge velocities would be more realistic but an equal

percentage error to the previcus low velocity measurements would have

produced increased velocity errors in the jet velocity measurements. .
Short of attaching a small temperature sensor to the wire probe and ‘
measuring the actual temperature at each measurement point, the

adopted method sesms to be an acceptable compromise.

TR Y T o oy
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An attempt was made to measure the temperature gradient across the
flow by detecting variations of the resistance of an unheated wire

probe. However, lack of time for the necessary adjustment of the
ansmometer bridges prohibited precise measuremsnts. It was also
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considered unnecessary since the bulk of the trailing edge Survey was
to be performed uelng a split film probe which apparantly was less
susceptibhle to ambient tamperature variations (see Baction 3.3,1),

3.2.5.2 Non-radial traversing path

Due to the finite size and positioning of the traversing gear probe
fupports and the desire to place the hot wire probe as near to the
slot as possible, it was necessary to offset the wire from the radial
travarsing plane (see Figure 53). When the probe was traversed in
the configuration shown, an angular offset at the extent of travel of
Approximately 2° was typical. 1In the presence of longitudinal
velocity gradients, errors in the measurement of the wall jet outer
layer veiocities were apparent.

The angular error was given by

4
am (——————- (see figure 53 for notation) (3.18)
1+)

=

P was typically less than 10° which gives an error of less than 2°
for R/y < 5,

It was possible to position the probes such that the offset angle was
zero, however it was felt that the advantages in being able to approach
the slot exit with the probes outweighed the errors produced

3.2.5.3 Wall and probe interference effects

The most usual consideration when using wire probes in cloge proximity
to a solid wall is heat loss to the surface. It is usually assumed
that the heat loss to the surface does not become significant until
the probe is less then 0.004 in (0.1 mm) from the surface. However,

in this study, velocity measurements as close as physically allowed
by the probe prong radius (0.003 in, 0.075 mm) were apparently
unaffected. This was thought to be due to the unusually high shear

gradient close to the wall reducing the relative increase in measured
velocity.

sminiinendns . . e il o P S
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The prohe support geometry (see Figure 53) was designed to minimise
interferance at the measuring point. The introduction of A normal
cbstruction in the curved wall jet tends to 'aplit' the flow and

generate three-dimensional inatabilitiem, It was agsumed that the

/ small projected area of the prong tips would cause minimal disturbance

of the flow. The nffect of probe interferonce upon the measured 1ift '
coefficlent is discussed in Section 4.1.2, 5.4.1,2,

! The results obtained in Section 3.2.3 for the effects of yaw in the

P plane normal to the wire indicate that negliglble error would arise
j ' from small changes in orientation relative to the curved surface. 1
! |

This conclusion also implies that the normal velocity meagsured on a
single hot wire will also include the V contribution.

| , u?= u?s il (3.19)

. where b is the direction sensitivity coefficient in the plane normal !
to the prongs, usually equal to 1.1. Hence in regions of high flow

angle relative to the surface (due to entrainment and jet growth),

the hot wire will tend to overestimate the velocity. The wire probes
were, in general, orientated slightly angled to the surface (~2 or 30)
to improve the definition of the reference point for the position
control system.

To summarise, the maximumn error in the wall Jet velocity profiles
occurred at the outer edge of the wall Jet boundary layer and could

be as high as *5 ms ! dependent upon flow conditions and probe
position.

- 3.3 5plit Film Anemometry | .

[ vt Split film probes are a relatively new type of probe marketed by :

je Thermo Systems Inc.47, and consist of two semicylindrical separate

platinum films, sputtered onto a 0.006 in (0.15 mm) quartz rod. They

|
| offer a much improved spatial resolution (of the order of 8 times)
i | compared with a conventional cross wire sensor and are approximately

half the focussed volume of a laser anemometer system. A boundary
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layer type probe is sketchod in Figure 54,
The probe operates on the principle that:-

1) The total heat transfer on both films gives a measure of the

velocity vector perpendicular to the sensor,

ii) The difference of heat tiansfer for the two films gives a

measure of the velocity vector perpendicular to the plane of
the splits on the sensor.

Hence, from i) assuming a Kings Law type relationship,
E+x%k 2an+nul (3.20)
1 n )

2

This assumption is valid, since if the splits are coénsidered small
compared with the total film surface area, then the total heat

transfer would follow a law similar to that of a single wire.

From ii)
2 2. 2
El - K E2 = f(Un)sine (3.21)

where 6 is the angle between the Llane of the splits and the normal

velocity vector.

Therefore

U=y cosb
n

and U= u -V
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The constant K is demcribed by the manufacturers as a correction for
non psrfect matching of sensors. In the limit, K must be aqual to
the ratio of the zero flow voltages and T.5.I, s.ggests that adjust-
ment of the overheat ratios should be used to set X to unity., In the
light of the experiments with hot wires, it was felt to be more
reascnable to adjust the probe cold resistances on the bridge
resistance decades to obtain K = 1: this enables a finer control nf
the value of K. It should alsoc be noted that in order to minimise
the offset from the actual resistances, as one film is increzased in
resistance so the other should be reduced, or vice versa. This means
that the total resistance is unchanged and the total reat loss due to
normal velocity Un is also unchanged. 1In this manner, K is assumed

equal to unity from here on.

Originally, it was hoped to operate these probes from two 55DOl DISA
anemometers: however, one of these anemometers was found to be
insufficiently stable to run the films concurrently. The films were
therefore driven by a Prosser 6100 twin channel anemometer system.
This system has a high/low bandwidth switch which simplifies the
running of these probes. The low setting limits the bandwidth to

10 kHz while the high setting allows adjustment similar to that on a
DISA anemometer. It was found that instability of these probes, due
to thermal couplings across the quartz rod, wae their major drawback.

Three different modes of behaviour were experienced:=~

1) when using the DIsa anemometers, since one channel was less
stable, only 1 film could be run at a time. The large thermal
couplings caused one film to drive the other and the situation
was reversible but always of a 'hard over' nature. The
phencmenon occurred even when the anemometers were run at the
lowest gains and bandwidth with an overheat ratioc of less than
0.1, independently of which film was started first and the
duration of the probe cut-in time.

ii) Using the Prosser system with the low bandwidth selected, a
stable situation occurred and the probe operated normally.
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ii1) With the Prosser system sat to high bandwidth, a situation
occurred where both films were running and film+2 was found to
be slaved to film+1 i.e, for an increasas in El dus to a change

in Ilow angle, E, increased by the same amount.

The rasults of the above observat'ons was that the probe had to be
run at a reduced bandwidth. This showed however, only a 2% drop in
detected r.m.s8. readings compared with the high setting at the chosen

overheat ratio of 0.5 and this was considered satisfactory.

3.3.1 Calibration

The calibration of these probes requires that the probes be set at a
series of angles (in this case -5 to +30°) relative to the plane of
the splits and the bridge wnltages recorded for a series of speeds.
This provides the data necessary for all the constants to be derived.
From equation (3.20)

2 2 2 2 o
El + EZ = EO + Eo + BU
1 2
where
E = E measured x 0,92
°1,2  %,:

to account for the efiects of convective cocling upon the zero flow

voltage.

The constants B, n can be derived in & similar manner to those for a

single sensor hot wire, using only the zero angle data.

£2+22
log _..1.2__2.5 1| = 1og 2‘ 57— + nlogU (3.23)
1 2 1 2

PRS-, . _ -
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No allowanca for the variacion of the
included in the calibration,

ambient temperature was

If a similar correction to the wire
probe was used, the induced effects were found to be
significant on results,

far morae
This is thought to be due to running at a

0 = 0.5, compared with that used for the wire
probes and to the large thermal capacity of the probes.

lower overheat ratio,

Time did
not allow a full investigation of this effect and good repeatability

wag achieved without the inclusion of a temperature correction.

This
will be shown in Section 3.3.3. '
It should be noted that, without further investigation, it is not
recommended to run these probes up to the same wind speeds as wire
probes for two reasons:- '
i

i) structural integrity

ii) the frequency of vortex shedding from the probe becomes

significant relative to the effects of turbulence.

The author is aware of experiments at up to sonic speeds (Boeing Corpn,

pPrivate communication) but is unable to comment on the results
achieved.

The angular calibration constants are somewhat more difficult to
obtain. From equation {3.21)

|
2 2
E1 - E2 ] f(Un) sin®

At O = 00, El should equal Ez' this is arranged by setting X to unity

and is also dependent upon the actual split geometry relative to the
datum probe axis. The manufacturers suggest that,

m
f(Un) = C Un

2 n (3.24)
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The system for derivation of thes. constants C, m is suggested as -

follows.

i) Plot E, and E, versus 6 for each speed,
These are straight lines for a fixed Un and the crossover peoint,

eerror' {8 the deviation of the prcobe setting from the plane of

the splits. eerror should be a constant for a given probe

unless the probe deflects under wind load.

]
’ ii) amend the yaw angles, using the deduced aerror' and plot ' ;

2 2
(El - E2 ) versus sin{6 - eerror)' This results in a series

of straight lines for each given speed. The lines should all

pass through the origin if K has been correctly measured. They
also show the equation (3.24) to be of the right form, gince

t'e gradient of each line, C Unm, is a constant for any given

speed. ' .

iii) Plot the log of the gradients in ii) against the log of the

- g g—

- fixed speeds. The slope of this line represents m.

. iv} The value of C can be found to give the best fit to the

d experimental data. It should be noted that extrapolation to
the axis to give C is not possible as the response of the probe
changes considerably at lower speeds, as will be indicated.

Figure 55 - 59 show a typical set of calibration data for these

probes. The normal and angular calibration for the probe used in the

experimental work were found to be,

£E2+E%=E %+ £ 2 a1 Uno'386 (3.25)

and .

siné (3.26) .
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It is interesting to note that the value of the normal index, n, was
very similar to that typical of a single wire probs. This would
3eem reasonable since, if the splits are assumed small in area
compared with the total sensor surface area, then the split film

probe would lose heat to the air in a similar manner to that of a

fine wire,

It should also be stated that the validity of this type of angular
calibration has not been demonstrated at high angles to the plane of
. the splits. Obviously, as 0 approaches 900 to the plane of the !
splits, the calibration loses its sensitivity to angular variation.
3ince this area was not of interest in the current work it was not

pursued further.

AR LR LT L

B . Also, at very low speeds, the split film sensor ceases to respond to j
. angular variations altogether. This is due to the flow at low § H
3 1
= L. Reynolds numbers apprecaching the simple inviscid flow case. It is g

suggested that the use of this type of probe in either, flows of |
R high angular variation or, flows giving low probe Reynolds numbers
should be regarded with caution. i

The calibration of the split film probe was not found to vary with

time by any significant amount indicating a resistance to contam-

ination and oxidation, problems associated with wire probes. It is
however advised that the probes are 'burnt-in' for a short period

(15 - 30 minutes) prior to establishing a calibration. This technique
appears to stabilise the filins and their quartz coatings to provide ?
a more repeatable operatiorn.

3.3.2 Data reduction

In terms of data reduction, split f£ilm probes can be treated exactly
like a dual sensor wire prooe. The discussion given in Sections 3.2.2,
3.2.3, 3.2.4. regarding the use of analogue or digital analysis
techniques applies equally well.
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The digital technique is verv similiar to that described in Section
3.2.4 except that the instantaneous velocities of gach sample are
derived directly from the calibration equations., Equation (3.25)

can be used to give the value of Un and 6 can be cbtained from (3.26),
This gives the magnitude and direction of the ingtantanecus veiocity
vector, allowing the normal components to be derived from (3.22),

The time averaged mea.s of the normal components are found and used

to deduce the normal fluctuations of each sample point. The normal
and shear stresses are then simply obtained, similarly to the dual
wire sensor system. Appendix II gives full details and a listing of
the analysis program. The digital methad was used throughout thisg
work., The major advantage of the simplicity of the data reduction
equaticns was that the computer anal:'sis time was an order of
magnitude less than the comparable cross wire system. This enabled
a real time analysis to be performed,

The analogue method ig inherently more complicated electronically
since it involves the use of a number of summing ang multiplication
circuits. Since little has been published regarding the use of split
film probes, a full derivation of the analogue turbulence equations,
and the assumptions made, is given here for the benefit of other

researchers. These equations have previously been published in

T.S.I. TBZO47 but unfortunately the equation for u'v' was incorrect.

The equation was given as

32 (3.27)
— (Elel - Ezez) '

u'v! =

where el and e, are the fluctuating portions of El and Ez. This is
ocbviously wrong, since

Fe - T = o

111 22
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The correct derivation for u'z, v'2 and u'v' {s as followa;-

From equations (3.20), assuming K = 1 and

then

- 2 —_ 2 n
(El + el) + (E:2 + ez) = A + BUn

n

-.—n ul avlz
=A+BU [l+—= +—=

u 202

Multiplying out the L.H.S. and expanding the R.H.S. gives, ignoring

T T e e R N Sk

third order terms

: ‘ » = 2 =2 oy = 2 2
f . (15:l + E, ) o+ 2(1=:le1 + Ezé‘z) + (el +e, }
2,2 2
—_— —_ v ' -
= A+ BU 4+ BUT n(——-—l_l_ +a_; s n 1)_‘;'
U 20 2U

=y 2 = 2 -n
El + EZ A + BU
then
2,2 2
- - _ . ' _ '
2(E]e1 + 3282) + (012 + e22) - nBUn E— + ‘a :2 . (n i)zu
U 2U 2u
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squaring both sides and Jgnoring triple products

- - 2 - 2 u'
[2(!:1.1 + Ezez)] - [nBU ] e

c

l2 21
u .2 [(E e. + E.e.) J (3.28)
-1} 2

To obtain the shear stress equation, consider (3.24). If the mean

flow is aligned in the plane of the splits, such that

=2 =2
El - E2 = 0
v!
and 8in® = T
n
then
2 2 m-1
Z(Elel Ezez) + leg " -e,) =cCU v
Therefore, by expanding Un as before
u' azv'z
R.H.S. = Cv'U" 1+ (m—l) + —--—-—5-)
7] 20
2 2 v cu™
-E - = CU — + (m- - .29
2(El 1 - Epey) ¢+ (el e, ) =co" (m-lju'v' = (3.29)
U u
time avaraging
a5 T - Yo !
02-02- (m-1)cy ™ B
1 2 -2
u
—2 rre— ———
wv s —L— e, ? - 0} (3.30)
(m-1)CU
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This is an interesting comparison with the
equation which is also a function of the
r.m.s. values.

usval analogue cross wire
differsnce of ths two wire

If equation (3.29) is squared, chen, ignoring triple products

, 2,2
- — -=m v
AEe) - Epe)® = (ct™) =7

Time averaging and taking the square root yields

2
v' 2 2
E— - — [(Elel - E2e2) J (3.31)

These equations are not particularly difficult to solve but they do
require that the mean flow vector is aligned in the Plane of the
splits. Any deviation from this is significant since (Elz - 522) |
has been ignored and this could be orders of magnitude greater than i
the other terms left in the equation. The digital method is far
simpler in assumptions and does not require the mean flow to be

aligned in the plane of the splits, providing obvious advantages in
a highly curved flow,

H
3.3.3 Operation ‘

The split film probes were powered from a Prosser 6100 twin channel

anemometer as discumsed in Section 3.3. The probes were mounted with

the plane of the splita tangential to the
radially using the

local surface and traversed ‘
traversing gear Previously described in Section :
2.1.4. The position control system (gee Section-2,1.5) was used to
set the datum zero position of the probes relative to ths local
surface and the sensor axis coyld be brought to within 0.009 inches
(0.23 mm) of the surface. This was the minimum distance possible
dictated by the ceramic Support tubes at the ends of the sensor, It

was assumed that the measurement position coincidad with the senscr
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axis. Traverses of the wall jet could then be performed as for a
wire probe described in Section 2.1.5.1,

Excellent repeatability was obtained for veloclty profiles around
y the trailing edge of the aerofoil (see Figure 60) Justifying tha

assumptions regarding ambient temperaturs variations. The data from

the probes was analysed at sach meaauremcnt_gginETgnd took approx- !
imately 10 seconds to give values of U, V, u'z, v 2, nty',

|

|

|

! 3.3.4 Sources of errors in the split film anemcmetry measurements
r

Unlike the single wire prabes, the split film probes did not suffer i *
from being offset from the traversing gear vradial axis nor did the

, results. However a number of other possible sources of exror must

flow temperature gradient across the flow appear to affect the : ‘q
S be mentioned.

3.3.4.1 Wall effects Lo

; Because of the large thermal capacity of the split film probe compared
: with a wire probe (the diameter of a split film probe is approximately
30 times that of a wire probe) and the orientation of the plane of
the splits, the split film proia is more subject to errors caused by

heat loss to the surface. Since it was necessary to bring the probe ]

as close to the wall as physically possible, a technique of agualising ! 1
the bridge voltages, in the presence of the airflow, at some small . i
distance from the wall was adopted. The te~hnique was similar to 3

that for reducing K to unity, (see Section 3.3) and involved small
changes in the film cold resistances on the anemometer resistance

; decades. These adjustments seemed valid since at some small distance
| from the surface, the local flow angle should still be nearly i
tangential L. the local surface. Alsc, it was attempted to make !
these adjustments at or near the velocity maximum to avoid problems
of shear flow on the finite probe diameter (see Section 3.3.4.6).
This technique cbviously is open to criticism but appeared tc provide

good repressntative results for the time Average mean velocities
down to the minimum distance from the wall.
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However a distinct effect upon the turbulsnce measuraments closs to
the wall was also apparsent. The heat loss to the surface Appearad to
increase the measured turbulence within a given distance from the wall
(see Secticn 5.4,3.1), This would feemn reasonable since the presence
of the well would cause an asymmetry in the responss of the filmw and
hence an increase in the measured turbulence, From the data recorded
it was decided that all split filn turbulence data within 0.036 in
(0.9 mm) should be regarded as unreliable,

3.3.4.2 Probe geometry

From Figure 52 it is clear that the plane of the splits is offset frem

the probe support axis by approximately 10. The offset whilast appearing

positive from Figure 52 would be of the sense to produce a negative
offset in measured flow angle,

3.3.4.3 Flow curvature

Due to the finite size of the sensor cylinder, the high curvature of

the flow produces a movement of the front stagnation point towards the
surface. The effect can be shown to be gmall compared with the
geometrical considerations of the previous sections,
of only 10 seconds of arc.

being of the order

3.3.4.4 Frequency response

As has already been stated, (see Section 3.3), the split film probes

had to be operated at a reduced bandwidth in order to maintain probe
stability. This caused a severe reduction in the detacted turbulence
levels, in some cases by a factor of 4 compared with hot wire results.
Also it is reascnable to suggest that the large relative size of the
dplit f£ilm probe will cause it to be unaffected by eddies of amaller

size than the probe diameter. This would alsc appear as a reduction

of the detected turbulence levela. Examples of these effects will be

shown and discussed in more detall in Section 5.4.3.
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3.3.4.5. Probe interfarence
Hm

The flow effects produced by introducing a split f£ilm probe into a
L, highly curved wall jut with severs positive and negative Pressure
- gradients were Aifficult to determine. Inp general any liicerference
y with the flow causes the jet to shear ang rell-up behind the
obstruction, The exteni to which the film proba affected the flow
was nol investigated byt all posaible Precautions were taken in the
proba support gecmetry te minimise the effects. A similar but
8lightly smaller reduction in 1lift coefficient to that noted in

ot b

Section 3.2.5.3 for wire probes was observed Buggesting that the
film probes disturbed the flow to & lesser extent than the wire probes
and their supports.

e e L

3.3.4.6 Shear flow effects

1 This was effectively an error of spatial resolution. 1f the probe is

in the presenca of positive shear an effect Opposite to heat loss to

; the surface would result: vice versa for negative gheax. No corrections
& were applied to the results to account for the effects of shear

! gradient; however it isg Suggested that the correction would be of

f similar form to that for a pitot tube in shear flow (mee Section 3.4.1.2),
‘ Little noticable error was produced between the mean velocity profiles

from the split £ilm pProbes compared with the wire probes as discussed
in Section 5.4,.2,

TR T

3.4 Radial Static Pressure Meagurement
M

; In the majority of boundary layer research the determination of normal
' atatic pressure Aistributions is not necessary and the assumption of
Ip/dy = O ig sufficient, However, in the case of & highly curved flow
a static pressure gradient must exisgt due to the streamline curvature.
In particular, where jet flow exists and the velocities and shear
gradients are high, the dp/3y terms in the radial angular momentum
equations become dominant. In general, past ressarchers have made

two basic assumptions regarding the fiow:-
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1) that the straamiines are all locally parallel and concentric
about the centre of curvature of the local surface, thus:-

X
R= Ro (1 + Ro ) {3,32)

This assumption will be shown to be invalid in Section 5.4.2.

i) that the radial static pressure distribution can be given by a
simple force balance

3y R (3.33)

Provided that U could be defined as a function of y and that the strear-

lines ware concentric about some known centie sura that R could be
found also as a function of y, this simpioc bale.ice covld be <f use.
However neitherUnor R is a simple function of 7. Many rusearchuoyrs
have recorded the uverall static preasure diffaerence across curved wall
jets and have shown some agreement between ex; eriment and the simple
force balance if a mean value for U is assuned to apply a:ross the
flow. However, a detailed knowledge of the radial static pressure
distribution is of great importance ‘rf a satisfactory closure of the
governing equations of highly curved wall jets iy co be achic.vad.

Englar28 attempted to measure the distribution within the jevr hy
using a vertical sharp edged plate mounted on the trailing edge, with
& series of static tappings normal to thae trailing edge cylinder.
These results irJdicated a departure from the e«Xpected prersure
distribution, (see Figure 61) and will be further discussed iy

Section 5.3.1. Englar'a technique was thought unsatisfactory due to
the interference effects at the junction of the Flate and the vrailing
edge cylinder. The effect uf having a vertical plate withir the wall

jet flow was also suspected to be causing large t'.cee Aimensisnal
disturbances.
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Conventional static pressure probes cannot be used because of the
highly curved nature of the wall jet flow, the large induced flow
angles and the riall scale of the flow to be examined,

Pacha‘a deacribed a method using a hot wire probe positioned alongside
a total head tube, the static pressure being deduced from Bernoulli's
incompressible equation. The method was shown to work for flat plate
boundary layers and was adopted in this work for a survay of the
trailing edge wall jet. This method was also used by Dvorak and
Woodward49 to determine the radial static pressure distribution over

a slotted flap arrangement. The major problem with this method was
the relative magnitudes of the terms in Bernoulli's equation.

- - _L —2 |2 '2 |2
(p - Patmos) (Po patmos) 29 (U + . + v e w ) (3.34)

Usually, the working section static pressure is set to atmospheric
bressure by venti g the high speed working section. 'This implies that,
Po (relative to atmosphere) and the dynamic head are of equal
magnitude. Hence the diff:rencing of two equal large guantities tc
obtain a small quantity is subject to large errors. As mentioned in
Section 2.2,1. the tunnel used for this researci was run with the

high speed working section vents closed to avoid air inflow problems.
Consequently, the total head of the airflow was approximately atmoa-

pheric. This implies a much greater confidence in the values of the

static pressure deduced from (3.34) since {(p ~ patmos) was of the same

magnitude as the dyramic head and the total pressure relative to
atmosphere was comparatively small,

A sketch of the system used is shown in Figure 62. The total head
tube was a flattened stainless steel tube (0.019 in, 0.48 mm thick)
and the pressure was measured on an alcohol mancaeter. This type of
probe is far less sensitive to flow angle compared with a conventional

static pressure probe. A correction, suggested by Young and Maalso
an:~
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o} ] ]
]

offaet

T T T R T T .
~J
Wt

[«
]

internal bore of tube

D = outside diamster of tube

was appiied to take account of the effect of the sheared flow field on
the pitot tube,

; The pitot tube and the hot wire were mounted approximately .25 in
i ; (6.35 mm) apart to aveid lateral interference effects and were
E ; positioned an a common axis using a travelling microscope. The

position control system described in Section 2.1.5. was used to

[

3 E control the datum zero position of the probe combination. The hot

wire was used as the position detector and the rigidity of the system ‘ ‘i
could be estimated since the reference point cut off could be set to

R L e 1o Sl R bt L

. allow tue pitot tube to just contact the surface. As the pitot probe ﬁ

conticted the surface, so it became energised with the 5 kHz signal. E

This gave a step in the field intensity around the wire sensor and i
increased its positional sensitivity. Relative movement of the two | :
probes c¢ould then simply be judged by the difference in the datum

positions as shown on the step counter. The deflection using this |

TRE 1 TEFTRerpL T RO TR

probe arrangement was shown to be negligible.

i 3.4.1 BSources of error in the radial static presgure measusrement

A summary of the effects of possible arrors in the measurements on a

|
_ typical wall jet static pressure distribution is shown in Figures 63,
! 64. |

. 3.4.1.1 Effect of turbulence 4

, Equation (3.34) contains an allowance for the turbulent enargy in the
. flow. 1f it is assumed thati-

1..2 ;
. P =P -3PU ‘

and that

U atU+u +v 4w
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; then

2
f.32“+2m'tf+ww +E'+W+WU) ;

U 4]

i
' Time averaging gives ;
{

— 2 2 2 ;
f— [} ] ]

'{ U2_U2(1+u -|-v2 + W ) i
, 4] : i

assuning the shear terms to be small,

Then since the measured pressures are automatically time average..

F quantities, equation (3.34) can be deduced.

S—

If the longitudinal turbulence intensity V/;TE/U was of the order of

10% at a velocity of 50 ms-l, then the correction u'2 was approximately
1% of the dynamic pressure, Variations of this rrder can be ignored. i
Similarly even 1if v'2 and w'2 were assumed of the same magnitude, the - ‘

overall effect could still be ignored. , i

Turbulence levels of 10% were assumed not to affect the total head 3

tube readings. ]
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| | 3.4.1.2 Effect of shear flow

] ' The effects of the highly sheared flow are significant only for the

pitot tub = assuming the hot wire to be negligibly small. The existing

data on the effects of sheared flow on pitot tube measuremants are

5 very scant and most ressarchers use the standard corrections proposed

] by Young and Maalso (see Section 3.4). The effect of this correction
was to provide a constant effective tube centreline offset in the
direction opposite to the shear gradient and takes no account of the

; actual magnitude of the shear. This is not considered satisfactory

but must suffice in the absence of an alternative. For the pitot tube .

used the offset was only approximately ©0.002 in,(0.05 mm). Results

for two Aifferent sized pitot tubes showed little difference in the

measured total pressure. It was therefore assuned that while a

correction should be applied, it had no proncunced effect upon the

trends of the results.
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A third even smaller probe was also tested, this being round, square
faced and 0.011 in (0,27 mm) outside diameter, but two problems
prevented its use:

1) the excessive lag time required to achieve a steady pressure
reading.

i1) the probe was insufficiently rigid and the highly curved flow
accentuated this problem,

3.4.1.3 Errors in hot wire anenmometry

All the ralevant precautions discussed in Section 13.2.5 were used and
the anemometry results were considered satisfactory.

3.4.1.4 Probe gecmetry

The two probes were mounted approximately 0.25 in (6.35 mm) apart
laterally and the cross interference was assumed to be negligible.

The probes were assumed not to have deflected under aerodynamic load.
This seemed reasonable considering the accuracy of the position
control system for the hot wire and the rigidity of the pitot probe

support. No deflection was apparent when checked after each run,

The flow angle data provided by the split film probes showed angles
not greater than 110°. Hence, if it could be assumed that both the
hot wire and total head tubes would provide acceptable data for flow
angles up to 110° from the probe axes, then the angular effects on
the radial static pressurs distribution should be negligible,

3.4.1.5 Air donlitx

The problem was not simply of compressibility, although density
gradients must exist within a high velocity wall jet, but of defining
the datum density value in the flow which had a temperature gradient.
As a compromise, the density of the air at the Jet exit was used, as
calculated by the Cu calculation program (see Section 2.3.4). Thias
value was based on the flow rate and ambient conditions,

s
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4. PRESENTATION OF RESULTS

This section summarises the results obtained; detailed discussion of
the results is reserved for Chapter &5,

4.1 Overall Performances

4.1.1 No blowing performance

Figure 65 shows the lifting performance of the unblown aercfoil
measurad using the pressure data acquisition system (ses Section 3.1)
at a test Reynolds number of 1.3 x lo6 based on the asrofoil chord.
The free stream velocity was 31.9 m--l including a solid blockage
correction (see Section 2.2.4). An estimation of the performance
obtained from the method of Dvorak38 is also shown and is in good

agreement.

The measured three-dimensional lift curve slope was found to be 3.25
per radian., The value for a two-dimensional ellipse at a similar
Reynolds number from Hoerner51 was found to be 4.0 per radian. The
experimental results contain no allowance for the low aspect ratio of
the model or wall/end plate interference effects. ‘The tip jet blowing
system was not used for these tests.

Examples of the measured pressure distributions for the unblown ellipse
are given in Figures 66, 67. Theoretical pressure Adistributions
obtained from eguation (3.2) assuming the measursd 1ift coefficients
and incidences are shown together with distributions obtained from the

viscous/potential flow calculation of Dvorak and Kiudaa.

4.1.2 Trailing edge blowing only

Figures 68, €9 show the overail performance of the aercfoil as a
function of trailing edge blowing momentum coefficient for a range of
geometric incidences. The effacts of slot height, hot wire probe
interference and tip jet blowing are indicated for a range of blowing
rates at ag © o°. The increased slot height shows an improved
performance, whilet it is cbvious that the probe interference may
acoount for a reduction of es much as 208 in the 1ift cosfficient by
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disrupting the trailing edge suction peak. The hot wire probe was
positioned approximately 1 in (25 mm) to ons side of the static
tappings.

Figures 70, 71 show examples of the CRT display from the effective
incidence calculation (see Section 3.1.1) and also some sxamples of
the measura2 pressure distributions in the presence of trailing edge
blowing. The effective incidence calculation was used to produca the
downwash corrections for a range of G and Cy shown in Pigure 72.

The corrections deduced by xind32 are indicated and show good agree-
ment with the positive aG results. Using thrse corrections, curves of
cL against Cu for constant effective incidence are obtained (see
Figure 73). Results from Kind32 and the program CIRC0N35 are also
indicated in Figure 73, the agreement with the experimental work
being satisfactory. Some further typical results for different
ellipses and aerofoil section are shown in Figure 74 and indicate the
high lift augmentation capability of circulation controlled asrofolils
compared with jet flap arrangements.

The measured pressure drag coefficients are shown in Figure 75 for a
range of 4 and blowing momentum coefficients. The increase in the
pressure drag due to the high suction around the trailing edge is

clearly evident. The effect of including the jet reaction component,
equation (3.1) is indicated.

4.1.3 Leading edge blowing only

Figure 76 shows the effect of leading edge blowing alone upen the
asrofoil performance at A = 5°, Initially the CL reduces quickly,
then a more linear reduction at Cu'as greater than 0,003 - 0.004 ocoure.
The reason for this change in slope is not fully understood since the
changeover in flow pattern (ses Section 1.2) occurs at a much higher
Ci. Figure 77 shows examples of the measurad pressure distributions
for a range of ieading edge blowing momentum coefficients.
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4.1, 4 Leading and trailing edge blowing

The effect of leading edge blowing at zero geometric incidence for a '
range of trailing edge blowing momentum coefficients is shown in

Figure 78. The expected reduction in performance is apparant,

Figure 79 shows sxamples of the measurad pPressure distributions

arcund the aercfoil for various amounts of blowing and the two possible

flow cases are clearly indicated. The first flow case, at low cuLE

and high incidence indicates that the flow 'folds-back' and flows

along the upper surface causing a more positive value of Cp at the

leading edge. The second case, at high c"LE and low incidence

indicates the continuation of the leading edge jet flow onto the

lowar surface of the aerofoil as shown by an increased leading edge
suction.

The inability of the effective incidence calculation to match the *
measured pressure distributions in the presence of leading edge
blowing is shown on the CRT displays. Figure 80 shows the e«ffect of

dual blowing for a variety of geometric incidences and trailing edge
blowing rates at a fixed CuLE of 0.0125.

4.2 Trailing Edge Investigation

The numerical results of the trailing edge investigation are given in

Tables 1 -~ 17. Tip je. .owing wae used at its astimated cptimum
throughout these experiments {see Section 2,2.3.7),

4.2.1 Upstream boundarx layer

The boundary layer approximately 4 slot widths (0.084 in, 2.1 mm)
upstream of the blowing jet was measured using a boundary layer single
sensoxr hot wire, in the presence of the leading and tLrailing sdge jet
flows. The no-blowing case was also investigated. Values for the
shape factor of the profiles were determined but are subject to some )
error due to the lack of definition of the boundary layer edge. The
longitudinal turbulence intensity distribution across the laysr was

alsc measured. A comparison between the results of Rindaz. the

[ECETT

)
i
5‘
1
1




DR,

P - e e AT et

T T TR T TR TR T T M R

fh b deine atesie )

s

79

present study and the usual power law assumption

(%) - ()

is also shown in Figure 83, The results indicate &

deviation from the power law in the presence of the
The leading ¢ .ge flow is also shown to increass the
intensity within the boundary layer,

blowing jet,
turbulence
a8 might be expected.

4.2.2 Wall jet velocity profiles

Figures 84 - 91 show, for o° gecmetric incidence,

(0) profiles through the trailing edge wall jet fo
tabulated blowing cases (see Table

the mean velocity
r the four

19) and measured by a split film
senmoxr. The resuitsc are given for values of #

at 10° intervals up
to separation, starting at 15° from the slot,

In some cases inter-
mediate traverses have also heen performed.

The mean normal velocity is shown as the local flow angle V/U in
Figures 92 - 95, 1Inflow angles as high as 10° towards
are indicated near the slot.

the surface
The entrainment Process and jet growth

Figure 96 shows the actual variation
of V across the wall jet for two blowing rates. Figure 97 is an

indication of the compatability of the resultas with the
equation

rate are also clearly visible.

continuity

%’ﬁ*?}"o (4.2)

Figures 98, 99 ghow comparison of ﬁ/ﬁm against Y/lez with the work
32

of K{nd™" and also direct comparisons of the

various methods used in
the current study: hot w

ire, split £ilm and the velocity data used

to derive the radial static pressure. The hot wire results are subject
to the srrors discussed in Section 3.2,5., most obvious of which ia
the temperaturs gradient across the wall jet,

e e o i
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Figures 100 - 105 show the streamline patterns, lines of cons:nt
(y.ﬁ/ﬁ_), deduced from the split film results for the four blowing
rates. The inflow and jet growth quantities show reasonable agree-
ment with those indicated by the local flow angle measursments. The
curvature of the steamlines, deduced by a numerical curve fitting
technique and the use of the standard equation

)

N

Cll

153

Radius of curvature = > (4.3)
a4y
dx2
are shown for three blowing rates and compared with
- i
R=R(1+ Ro) (4.4)

usually assumed in theories and computations. The results clearly
show that the streamlines are not concentric with the local surface
centre of curvature. It is interesting to note that at higher
blowing rates, the distributions tend to be parallel to the results
from (4.4). At positions closer to the slot, the cuter layer
curvature is less than expected indicating entrainment effecre.

The effecta of different slot heighte and slot lip thicknesses are

shown in Figures 106, 107. The results were ohtained using a single
sensor hot wire probe.

The increased slot height allowed a constant velocity cors to exist
in the jet and enabled estimation or the boundary layer thickness
within the slot contraction.

The increased slot lip thicknesses were cbtained by successive
&ldition of adhesive tape (0.007 in, 0.18 mm thick) to the upper

surface of the slot 1ip. Interestingly the wake of the 1ip appears
to alter little in downstream extent.

Y A



Bl

A comparison of angular position of separation measured from the slot

K . for the present study compared with the results of lum!“2

L ) lnqlarzs is shown in Figure 108, It would appear that the currant
28 2

results show good agresment with Englar  while Kind™ was not ]

and

- operating at the optimum blowing rate for the test conditions. Two

sets of resvlta ars shown from !nqlarze, the first being the publiashed i

results dedused from a surface mounted shear otress probe, the second
being taken from the pressure distributions putlished in the same

- refurence. The ssparation point was assumed to be the point where the
l! static pressure reached a constant value, as in the se¢paration bubble.
i A marked difference exists between the two sets of datu; this will be
i further discussed in Section 5.1.2,

JRRERIRIC S

Figures 109 - 112 show the variation of the jet parameter: Yn/2 U..
Un' Unin
trailing edge blowing rates. These results are taken mainl: from the

split film velocity profiles.

against angular position from the slot for a varinty of

PR TN S

4.2.3 Turbulence results

LR LI | D A A L

All the wall jet turbulence measursments were taken at zero geonetric
incidence. Figureelld - 116 show the longitudinal turbulence intensity,

N i A

M

/;T!/ﬁ , distribution across the wall jet for four blowing cases. The
measurements wers taken at 10° intervais of 6 starting at 15° from the

slot exit. Radial positioning closer than 15O from the slot was not
possible with the split film probes and although the hot wires could ]
be positioned almost anywhere, the error dus to radisl misalignment
(discussed in 13,2,5.2) becams increasingly noticeable. The results
shown are from both the split film probe and a single sensor hot wire;
they clearly indicate the effect of prcbe size and operaticnal band-

= ; width. The results of K1n432 ars compared in Pigure 117 with the split
j £11m results at the ons data point at which the majority of the flow
parametsrs (e.g. angle from slot, Cu) are similar., Figure 118 shows
the effects of varying the slot height and slot lip thickness upon °

the longitudinal turbulence intensity as recorded by a hot wire probe.

|
|
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Figures 119, 120 show tha relative positions of Uu. Un!.n' (J;. 2/0)'“

and (fu-'lzlu)mn for two blowing cases. The maximum turbulence
intensity is shown to remain just outboard of the centre of the free
shear layer while the minimum intensity closely follows the valocity
maximum in the jet flow. The origin of the turbulence intensity
maximum is shown to be the slot lip.

Figures 121 - 124 show the normal stress m/ﬁu for the four hlowing
cases as recorded by the split film investigation. The results again
are shown for 10° intervals of # through the wall jet, starting at
15° from the slot axit .

Figure 125 shows a direct comparison between the longitudinal and
normal r.m.s. fluctuation. The normal r.m.s. is shown to be roughly
608 cf the longitudinal intensity. The relative radial positions of
the longitudinal and normal turbulence intensities maxima for a
variety of Cu's is shown in Figure 126.

The results cbtained for the Reynolds's shear stress, u'v', from the
split film prcbe are shown in Figures 127 - 130. An example of the
correlation coefficient, given by

w'v!

u'z jv'z

is shown in Pigure 131. The usually accepted value is 0.4 although
this is subject to error at pointa near areas of high azwaya (1.9,
the velocity maxima and minima),

correlation cosllicient = (4.5)

It is suggested that the correlation cosfficient as measured by a
split film probe can be used to produce results representative of a
higher bandwidth device. If it is assumed that the relative
magnitudes of the turbulence intensities are constant compared with
sach sensor bandwidth, then let

B e _—M (4.8)




; Then i %
. ] ) a

: X yt
; V o wire * BRu wire
f Also assuming a consistent correlation ccefficient, then:- i ]

2

Tyt - % ! x
utvt JBxu wire * film correlation cosfficient (4.7)
} In this manner it is possible to produce more realistic values for

u'v' and v'2 and to indicate the bandwidth limjitations. The results ‘
; of these adjustments are shown in Figures 132, 133 for one blowing

case. This technique is only approximate since the relative sizes ,
of the sensors will affect the ability of a given eddy size to cause | ‘

TR TR

' a fluctuation of the bridge voltage.

The shear stress resulta are compared with the assumed distribution '

in the program of Dvorak et 5138 and with the measurements of Wilson

(
; and Gold:tein21 and Jon0533 in Pigures 134, 135.

4.2.4 Radial static pressure distributions l

: As a check on the validity of the tech. ique of Pacho48 (see Section .

_ 3.4), the static pressure distribution ac:: ‘s the boundary layer,

; just upstream of the trailing edge blowing slot was determined. The
{ results, with and without trailing edge blowing, are given in Figures
136, 137. The results show sxcellent agreement with the usual
assunption within the boundary layer that, for low curvature

% -0 (4.8)

The indicated pressure coefficient for the unblown case is also in
good agresment with a value obtained from the surface pressure
nedsuring squipment,

Figurs 138 shows the measured wall static pressures around the
trailing eodge for three blowing cases. These results wvers used

. 3 .
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to provide the wall datum pressure for the radial static pressure
distributions given in Figures 139 - 1l42. The convergence of the
flow quantities with the wall datum points is excellent. Figures 63,
64 show examples of the raw measursments used to deduce p, the static
pressure. The effects of total head tube size and shape, shear flow
correction and errors in velocity measuremants are indicated, and
disoussed in Ssotion 3.4.). The free stream total pressure for thess
exper iments was approximately 0.5 cm of Alcohol below atmospheric.

The results of Dvorak and ondward49 using a similar twin probe
technique to evaluate the radiai static pressure distribution ocver a
siotted flap are shown in Figure 143, The similarity in shape of the
distributions is ramarkable, and parhaps the flow fields could be

taken to be aimilar in natura.
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5. DIsl' &:ION OF REBULTS
5.1 Overall Performance
5.1.1 Unblown asrofoil

The thres dimensional lifting performance of the unblown asrofoil,
Figure 65, was shown to ba leas than the two dimensiocnal valus
predicted by Hocrnersl for a similar Reynolds number, as might be

expected due to the low effective aspect ratio,

BCL
(sir) = 3,25 per radian
exp
(acL)
= 4.0 par radian
3o Hoerner

The low, indeterminate, aspact ratioc of the model clearly affected the
unblown performance. Due to the end plates the downwash at the trailinj
edge was increased compared to the two-dimensional case, affecting the
estimation of the lift curve slope. It is interesting to note that the
effecte of the end plates are usually confined to reducing the effective
incidence of a sharp trailing edged aercfoil where the rear stagnation
point is fixed. This bhag the result of reducing the measured lift
curve slope. The rou:-ded trailing edge of the current model however
allows the rsar stagnation point to move to produce an cpposits, but
apparently, smaller effect upon the lift curve alope. 1In genaral, the
measured unblown performance and preasure Adistributions were
satiasfactory.

Examination of Figure 66 indicates one further contribution to

the lift curve slope discrepancy. The theorstical pressuras distribution
shown was calculated for & true ellipse of identical thicknass:chord
ratio to the model. Howaver the modsl is not a true sllipse:-

i) the leading and trailing edges are circular cylinders

|
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ii) blowing slots cause surface irregularities at the leading and
; trailing edges.

It should be noted that the calculation does not take account of

viscous sffects, i.e. boundary layer growth over the surface, and
therefore cannot be totally representative of the flow over the latter
half of the model. However it does indicate that the increase in the

leading edge suctinn peak cbserved experimentally was produced by the
- circular leading edge compared with a true ellipse. The effect of the
leading edge slot was not obvious from the measured pressure Adistri-
bution although oil film flow visualisation indicated a small (< 0.1 in,
— 2.5 mm) separation bubble followed by a turbulent reattachment. The
lack of asymmetry in the lift generation at positive or negative
incidences suggests the effect of the slot lip on CL to be sgmall,

Figure 67 shows comparisons of the experimental three-dimensional no '

blowing preasure distributions and those obtained from the two-

dimensional viscous/potential flow analysis of Dvorak et alaa. These

ez e e

results clearly show the presence of the non-elliptic leading edge.

| On the suction surface a high suction peak is indicated in a region

| short of pressure tappings, and on the high pressure surface a similar
effect is produced. The discrepancies in the pressure distributions
over the trailing half chord are not fully understood although this
may be a surface roughness effect. f

No boundary laysr trips were included on the model due to the presence
of the leading edge slot lip and the relatively large test Reynolds
number of 1.3 x 105, 1If the model surface had been smooth, natural
transition would be expected at approximately 35% chord.

A

No signs of approaching stall were indicated cver the limited incidence
]
range (£7.5 ) examined,

The Redsured pressure coefficient at the leading edge stagnation point,
(ses FPigure 67) was shown to be within 18 of unity, indicating a
reasonable evaluation of the b)-nkage corraction.

3
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5.1.2 Trailing edge blowing only
' The performance of the asrofoil shown in Figures 68 - €9 was very much
as expected, The effect of the tip Jets was significant and is
i indicated in Figure 68,

The advantages of cperating at lower values of Cu are obvious and lift
augmentations (BCL/GCu) of the order of 60 were attained. Figure 69
indicates the effects of increasing the slot height:chord ratio and

the sffact of the presence of a hot wire prcobe in the wall jet. The
ipproved performance obtained at the higher slot height was expected
from the information given in reference 40, which suggests that an
optimum value for the slot height:chord ratio exists (typically 0.002)
and would appear to be a function of the slot design, exit angle

cem ool

relative to the local surface and of the relative mass flows between

the jet and upstream boundary layer flow.

The presence of the hot wire probe causes a premature local separation

i e MR

of the flow and since the probe was located approximately 1 in (25 mm)
to the side of the static pressure tappings, the full effect was not
measured. In some cases the measured lift was reduced by 20% with the
probe in place at the trailing edge. It could also be shown that the
proximity of the probe to the surface affected the measured performance,

the maximum reduction of cL being when the probe was closest to the
surface (see Figure 144). All the overall performance measurements

(static pressures) were taken with the probe and probe support arrange- :
ment well removed from the wstatic pressure tappings. The question of '
probe interference with regard to the anemometer results is not sc : 1
sericus since the hot wire is a relatively long distance in front of )
the probe holder, and the split film probe, whilst bulkier compared 4
with a hot wire, does not require the same physical suppert (sea
Figure 53 and Sections 3.2.5.3, 3.3.4.5.). ;

The pressure distributions recorded (see Figures 70, 71) exhibit the
typical ‘'saddle-back' form associated with circulation control

asrofoils.
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Figure 72 shows the estimated downwash corrections from the effective
incidance calculation (S8ection 3.1.l1). At positive geometric
incidence the agresment with the results of xind32 was excellent.

The change in slcpe for negative gectetric incidence is suggested to
be due to the reduced effect of the vall jet wake upon the upstream
flow. The more negative the incidence “he closer the wake trajectory
approaches the tunnel centreline, reducing the under surface wake
blockage effect.

Figures 72 and 68 were used to produce Figure 73, the lifting perform-
ance of the aerofoil for constant effective incidence. The results
32 and those predicted by CIRCON3B for the

current aerofoll. Whilst the agreement with Kind32 is excellent, some

are shown compared with Kind

doubts do exist since the current results were obtained at a higher
Reynolds number. It is also apparent from Figure 108 that there is a
large discrepancy in the angle to separation for the various comparable
flows. In general, the current model exhibited much lower angles to
separation for similar Cu's than those of Kind32 or CIRCON38 while
atill producing similar lift coefficients. However, the current
results appeared to fit well with those of Englarza, certainly for
angle to separation. There are several factors which may account for

these inconsiatencies:=~
1) the theoretical calculation procedure was incorrect.

11) wvariations of slot design, slot height:chord ratic between
exparimental aerofoils.

1ii) test Reynolds number variations.
iv) definition of separation point from experimental results
e.g. onset of constant surface static pressure, zerc shear

stress or 3U/3y = O at wall from velocity profiles.

v) surface roughness.
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It appears that of thesc, the two main reascns for these
inconsistencies are:-

1) Firstly the sxparimental results were obtained for a ralatively
low slot height:chord ratio (0.000897) compared with Kind32
(0,0012) and as shown in Figure 69, increased slot height
produced a significant improvement in the lifting performance
of the aercfolil.

ii) Sscondly, the trailing edge cylinder was not quite smooth and
this reduced the angle to separation of the Coanda jet and
hence the circulation for a given Cy. These two effects have
opposite results on the generation of CL and hence the dominant
factor is difficult to determine. Purther work to investigate
the effects of the surface finish of the trailing edge cylinder

on the current aercfoil may be performed at Bath University.

Figure 74 shows a family of typical performance curves for various
aerofoil shapes and indicates the advantages of circulation control
over the simple jet flap.

Figure 75 shows the expected increase in CDP with Cu caused by the
reduction of surface pressure around the trailing edge and the expected
influence of the jet thrust. Since the drag of the aerofoil was not
the main aresa of interest in the current stuly, it w7s not fully
investigated.

5.1.3 Leading and trailing edge bl:wing

The effects of leading edge blowing indicated in Pigures 76 -~ 80 show
a smaller lift decrement than might be expected. The two distinct
leading edge flow fields are indicated by the pressure distributions
with and without trailing edge blowing. The boundary between the two
flow cases was not sasily defined since many parammtera are involved.
No hystarisis effect was apparent. It is suggested that the
paramsters involved are thoss which determine the position of the
leading edge stagnation point relative to the leading edge blowing

. e+ s A
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slot, namely:~-

i) CMLB' This obviocusly is the major parameter involved siice it
dictates the abllity of the jet to remain attached to the 1

curved surface.

ii) Clpg*
controls the tralling edge separation point and hence the

Since the trailing edge blowing momentum coefficient

! circulation, it must also have great influence upon the position
F of the leading edge stagnation point. Thus, as was found

| exparimentally, the higher the value of CPTE’ the longer the 1
flow 'folded-back' for increasing cuLE at constant effective ‘

3 incidence. }

.
é iii) Effective incidence. The evaluation of the boundary condition . ‘
g for the two flow fields was not simple when attempted in a . .

E closed tunnel since the effective incidence was a function of d
' c“TE‘ Hence, controlled experiments at constant effective \

incidence were impracticel. However, the variation of

incidence must have a direct effect since it requires a move-

ment of the leading edge stagnation point. This implies that
at more positive incidence the leading edge flow would 'fold-

back' untlil a higher CMLE was reached.

The technique used to determine the effective incidence of the asro-
foll (see Section 3.1.1) wase unsuitable when lsading edge blowing was
used. The theoretical pressure distribution used in the technique

was not able to account for the jet flow arcund the leading edge and
hence no practical comparison with the experimental rasults was
possible. There is as yet no thecretical method capable of solving
the leading edge jet flow cases.

The lack of a large number of static tappings in the leading edge .
cylinder and in the very thin slot lip precluded any detailed

estimations of either the extent or nature of the separation bubble

under the fold back flow or whether the stagnation point was detached

from the surface whan the jet continued on to the lower surface.
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5.2 Velocity and Turbulence Profiles in the Upstream Boundary

Figures 81, 82, 63 show the velocity and longitudinal turbulence
profiles measured upstream of the blowing slot. The trailing edge

blowing jet was expected to influence the velocity profiles in two
ways.

i) The increased circulaticn and associated static pressure
distribution was expected to change the boundary layer growth
along the upper surface. This is clearly r own by the profiles,
the boundary layer thickness being reduced in the presence of
the blowing jet.

ii) Clese to the slot, the strong entrainment of the boundary layer
by the blowing jet was expected to change the form of the
boundary layer velocity profile from the usually assumed
power law

i
7

)' (%) (5.1)

GIC

[

This is shown in Figure B3 and the effect of blowing is tc increasge
the velocity gradient close to the wall. The difficulty in

accurately defining the adge of the boundary layer makes qualitative
comparison of the velocity profiles unreliable.

The effect of the leading edge blowing (Figures 81, 82) upon the
velocity profiles was to produce a nett deficit in the circulation of
the aercfoil and hence a nett decrease in the velocity at the adge of
the bowndary layer. Wwhen the leading edge jet flow folded back on
the upper surface, no wake of the jet was observed in tha valocity
profile just upstrean of the blowing slot,

The shape factors shown in Figure 81 are in good agresment considering

the indeterminate nature of the boundary layer edge and compare well

with those of Kind’2,

IR - e S
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The longitudinal turbulence intensities, Yu'2/U (Pigure 82) across
the boundary layer were very much as expected, showing an increase
as the wall was approached due tc the suppression of the normal

turbulence and the velocity tending to zero. At the edge of the
boundary layer the values approached those measured for the wind ‘
tunnel free stream turbulence levels (see Section 2.2.2). .

The introduction of the trailing edge blowing jet greatly reduced
the measured turbulence intensitites, primarily dus to the removﬁl
of the onset of separation, the change in the boundary layer growth
and pressure distribution over the upper surface and the strong

e el

I entrainment of the blowing jet. The introduction of leading edge

blowing increased the turbulence intensities compared with the

trailing edge blowing only case. At the flow conditicns indicated

in Figure 82, the leading edge jet flow was found to be folded back .

to be a residue of the disturbed upstream flow. .

5.3 Trailing Edge Wall Jet

along the upper surface and the increase in the turbulence is taken . i
l\
i Of all the detailed trailing edge wall jet measurements, the radial !

static pressure results indicated the most unexpected trends. Prior

to this work, the radial static pressure distribution had always been
repregsented by a simple radial force balance based on a streamline !
curvature, assumed concentric with the local surface. This was shown g
to be invalid and was then the area in which the interpretation of the i
results was concentrated, !

5.3.1 Radial static pressure measurements %

The results, shown in Figures 139 = 142, were at first viewed with

some acepticism, and a thorough examination of the possible sources of

error (Section 3.4.1) was undertaken. Howsver it was shown that the .
measursd distributione indicated valid trends and in some cases the

removal of possible errors merely accentuated those trends. .
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Figure 136 shovs the radial static pressure distribution just upstream
of the blowing wlot with and without the blowing jet. The agresment
with the usually assumed zero pressure gradient for the no blowing
cass provides an axcellent check on the validity of the experimental
technique. The meisured static pressure values ars in good agreemsnt
with the measured surface pressurs coefficient values from Figure 67.

5.3.1.1 Physical significance of results

Whilst the measured radial static pressure distributions were not as
expected, they were not without some physical justification,

i) Close to the wall, the pressure gradiente became negative as is
predicted if the radial momentum equation is allowed to tend to
Yy =0, giving

_3(v'?)

— m

O =
W

(5.2)

Bince v'2 must tend to zero at the wall due to the suppression
of v' fluctuations by the wall, then 3v'2/3y is positive.
Hence, 3p/dy is negative.

i1} the large positive gradient, in excess of that required for a
radial force balance, suggest a reason for strong flow attach-
ment on a highly curved surface ~ the Coanda effect.

i11) the two inner pressure gradients tend to equalise as separation
is approached. This could be rugyested as a ssparatior

criterion, since a large inner negative gradient would tend to
Ieverss the flow curvature.

iv)  the outer negative pressure gradient, vhich extsnds approximately
from Y-/z to Ypin Yoo in general less steep than tha positive
inner gradient. This pressure gradient was thought tc influence

the growth of the shear laysr and the mixing rate of the two
streams.
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v) at the edge of the flow, the pressure gradient again becomes
positive with a slope consistent with an overall radial force
balance.

For comparison, pressure distributions calrulated using a simple
force balance applied over two layers, the st and the boundary layer,
are shown on Figures 139 - 142, The slopes wers calculated aasuming
a constant average velocity across each layer from the measured
velocity profiles (Figures 84 - 91) and a mean radius of curvatﬁrc
for each layer from the deduced radii of curvature (Figures 101, 103,
105). Good agreement between the gradients in the outer layer is
lndicated.

Static pressure distributions of this form have previously been shown
by other researchers, but little discussed in their reports. As
mentioned in Section 4.2.4, Figure 143, Dvorak and woodward49 used a
similar experimental technique to investigate the static pressure
distribution over a trailing edge slotted flap. The rasults are very
similar to the present study but are not discussed in their report in
any detail. The flow through a flap slot could be simply represented
as a low speed wall jet and consequently the similarity in the
results should not bhe unaxpacted. The large physical scale of the
flap results would alec indicate fewer measursment errors dues to flow
angle, wall interference and shear flow, providing further justificat-
ion for the present results.

Kruka and E-kinazill alsc indicated radial static pressure measure-
ments of similar form for a plane wall jet, but failed to comment on
their results.

Miller and Coningssz showed similar pressurs distributions in a
round free jet flow. Their work used a flat plate probe which was
optically aligned in the mean flow dirsction. The results indicated
a positive/negative pressure variation in the vicinity of the shear
layer very similar to that of the preseat study.
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Enqllrzs used a radially mounted trailing edge flange plate with

radial static tappings and gave the first results for a highly

curved trailing =dge wall jet, Interestingly, the results showed a

more snvere pouitive pressure gradient much closer to the wall than

would normally be expected. At scme radial positions and blowing

conditions there was a tandency for a negative gradient to appear

(ses Figure 61). However these results must be questioned and

perhaps considered unreliable dus to plate interference and corner

flow interaction in the region of high positive and negative !
longitudinal pressure gradients. Unfortunately Englar28 published

no velocity profiles for this study.

The presant experimental results for the normal stress (p + p;TE)
ware comparad with those predicted by Kin453. Kind used a simple
numerical method to predict the normal stress based on satisfying a
radial force balance with two equations to represent the velocity

profiles. The normal stress was given as

Cq - ca.
T . suffix s denotes surface (5.3)
O O suffix 6 denotes edge

vhere —_—
2

c = Bt OV

o~ 1,2
2" "ref

The results are shown as Figure 145 and indicate rsasonable agraement
until the experimenteal results change slope in the outer part of the
shear layer. This is associated with the negative static pressure ‘
gradients obtained in this region.

5.3.1.2 Comparison of experimental results with the radial
momentum egquation

While the measured pressure changes were small, the small distances
over which they occurrad gave risas to very large pressure gradients. 7
It was hoped to determine values of 3p/?dy by direct substitution of
the measured velocities, radii of curvature and fluctuating
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components into the radial momentum equatior,,

wjc|

u'v')

WV L VIV (U%+u'” -y _T)_ (5. 4)

9 '
vt R R "5?(%*"

at =

3_
0

All of the terms of this equation could be directly obtained from
the experimsntal results and used to provide values for 3p/dy at
various radial positions., It was assumed that

(u'? - :5) << y2
and that values for v'2 and u'v' should be corracted as discussed in
Section 4.2.3, Figures 132, 133 to take account of the low Operational
bandwidth of the split £ilm probes. The raesults obtained are given
in Table 18 and Figure 146 and indicate that the equation under-
estimates the measured gradients in some cases by more than an order
of magnitude. The errors appear to be largest at the limits of the
y values examined. i.e. the edges of the free shear layer. It is
of interest also to note the magnitude of the normal Btress
yradient 3373/3y in relation to the other terms in the radial equation,
Clearly if a solution to the wall jet problem uses this equation then

extreme care must be taken in eliminating or modelling thess
fluctuating terms.

Since great care had been taken in the evaluation of the sxperimental
results, the inability of the radial momentum equation to produce the
measured pressurs distributions posed a serxiocus problem. It was

suspected that the actual flow field was not adequately described by
the time averaged results.

[N S
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; 5.3,1.3 An observation of the anemometer signals

During the hot wire anemometer survey of the trailing edge flow field,

it was observed that the high pass filtered signal consistently

exhibited a 'bias' dependent upon the poaition of the probe in the

flow, PFigure 147 is an illustration of the observed siagnale, Near ; ?

ﬁm' the signal showed a distinct positive bias which reversed near i

Umin'

first 30° of the flow from the jet. Away from these points the

This effect was mainly confined to measuz.™snts within the

signal was sesn to fluctuate arcund the zero voltage point as would
normally be expected. This cbservation coupled with the unsatisfactory
solution of the radial momentum eguation led to a suggestion that the

E— .4

flow field was not of the simple nature usually assumed.

5.3.2 Proposed flow field

It is now proposed that the actual Coanda jet flow is of the genaral

) nature shown in Figure 148, The flow consists of a stream of coherent q

~r

vortices emanating from the slot lip region. The vortices are formed

from the excess vorticity produced by the difference in velocities of

the two flows and the instability of the ensuing vortex sheet. An

A e st et

instantanecus flow pattern between the vortices is suggested and

| indicates the mechanism for the strong entrainment associated with

Coanda flow. The attachment of the wall jet to the surface, Coanda |
effect, may be explained in two ways. i
1)  smith et a1¥®

flow remains attached and spreads due to the mutually induced

have shown that in inviscid potential flow, the

velocities of the vortices. This phenomenon also produces |
separation of the flow at scme diatance from the slot, depandent

upon the initial vortex strength assumed. It is interesting to i
alsc note the similarity between the proposed flow field and the
k)

calculation method of Smith et aL™ .

i1) the concentration of the streamlines between sach vortex and the
surface must produce a local reduction of static pressure hence,
esach vortex attaches itself. The entraimment produced by suwh a
vortex stream is sufficiently strong, depsendent upon the jet
strength, to delay separation of the external flow.
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It is suggeated that it is the growth of the discrete vortices dus to
entrainment, the loss of angular momentum dus to surface visuvous
effects and the loss of total angular momentum to negotiate tha curved
surface which dictate the extent of the attachment of the wall jet.

The frequency of the vortex atream, the decay of the vortex strength,
the estimation of the initial vortex strength and the effects of
gecmetry, external flow and blowing rate will be further discussed in
relation to the production of an improved theoretical wall jet model
in Chapter 6.

It will be shown in the following mections how the time averaged
results can be deduced from the suggested inatantanscus flow field,

and its relation to the measured turbulence and pressure distributiona
will alsc be shown. The passing frequency of the proposed flow field
vortices was indeterminate but must have been above the upper limit of
the hot wire anemoineter to explain the cbservations of Bection 5.3.1.3.
If it is assumed that the vortices are convected at approximately the
half velocity, ﬁm/z and are initially a slot width in diameter, then a
typical frequency of 100 KHz is easily attainable, It is suggested
that the vortex centres follow the locus of the half velocity point.

5.3.2.1 Supporting evidence for the pioposed flow field

Evidence of the suggested flow structure has been noted by a variety of
researchers althocugh the influence of these vortices upon a Coanda flow
field has been neglected.

Horne and Knramchctis‘ chtained some detailed schlisren photographs of
this type of flow in a plans laminar jet in the presence of a variablae
length wall. The photographs w~ers coupled with hot wire probe outputs
which clearly indicated the paricdic nature of the flow, The vortices
ware shown to exist even in the presence of a curved wall, aithough

the growth rate of the vortices was far greater than that for a plane
wall.
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Davies and Baxtor55 discuss the development of ring vortices in a

free air jat from the Kelvin-Helmholtz instabi)ity of the vortax
sheet and the importance of thc vortices upon the transition of the
fres shear flow. Their results indicated a strong Reynolds number
dependence and the flow appeared to be well ordered below a Reynolds
number of 15000 based on the jet diameter. At Reynolds numbers above
20000, the onset of chactic motion is increased. A hydrogen bubble
technique was used to visualise the flow field.

Damms and Kuchemann56 proposed a similar flow field to predict the
mixing region between two parallel streams of different velocities in
the wake of a splitter plate. Their vortices were allowed to have
cores and the effects of either equidistant or exponential spacings of
the cores were investigated. The growth rates of the cores were
investigated, and time averaged velocities across a shear layer
produced. The work was based upon the experimental results of Brown
and Roshk057. They used a shadowgraph technigue to trace the vortex
cores formed behind a splitter plate between two streams of different
density (nitrogen and air) in a pressurised working section (~ 6 atmos).
A vortex streaming frequency of approximately 10 KHz was found at a
streaming speed of approximately 11 msnl. The vortex cores were
apparently formed as the vortex sheet between the fluide rolled up at
regqular intervals., The experiments ware run at relatively high
Reynolds numbers. Other experimental evidence is given in reference

56, in particular, Clark and Marklandsa found evidence of a core type
structure in the free shear layer of a plane wall jet.

Further evidence and discussion of the cause, structure and persistance
of large vortical structures is given in references S9 - 62. In
particular, Wygnanski et alsg show photographic evidence of the
structure and Chandrsuda et a162 show the process of helical pairing

which will be further discussed in Section 6.2.3.

The proposed flow field is therefore well supported by previous
research,




|

) - R

100

5.4 Discussion of the Experimental Results in the Light of the
Proposed Flow Field

The spatial correlation of the proposed vortex stream and the

sxperimental velocity profiles, turbulence quantities and radial
static pressure distributions for a single angular position and
blowing rate ig given in Figure 149, A full interpratation of each
of the experimental parameters with respect to the vortex stream is
given in Sections 5.4.2, 5.4.3, 5.4.4. It is immediately obvious
from Figure 149 how the vortex stream relates to the time averaged
velocity profiles and alsc in particular how the stream allows the
radial static pressure to depart from the normally smooth distri-
butions within the bounds of the free shear layer,

5.4.1 Overall performance

The proposed flow field now provides a simple physical! explanation of
the Coanda attachment, its dependence upcn the jet blowing rate and a
number of the variations of overall performance previously indicated

(Section 5.1).

5.4.1.1 Effect of increasing slot height

For identical Cu values an increased slot height produces a lower jet
velocity; this would tend to suygest a weaker vortax strength at the
initiation of the vortex stream. Also, the streaming apsed will be
reduced. In general, it would be expected that an increase in slot
height world reduce the lifting performance of a given aerofcil. This
is shown to be true in reference 40 for slot height:chord ratios of
greater than 0.0166. The current tests were conducted at ratios lower
than this figure (generally 0.000897) and hence it would appsar that

an optimum ratic would exist dependent upon the relative width of the
jet, the boundary layer within the j-t and the uypstream boundary laver,
below which the trend was reversed. Section 5.4.2.1 contains a further
discussion cn this point.

5.4.1.2 2ffect of probs interference

Whilst it is not suggested that the individual vortices are of full
spanvise extent, the shedding frequency should be high anough to avoid
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discontinuities in attachment. The effact however of introducing an
obstruction into the Coanda flow (ar anemometer probe for example)
would be to rupture the vortex sheet and cause a 'roll-up' of the
vortices either side of the obstruction. The resulting longitudinal
vortices are a well krown phencmenom, as is the tendency of the jet
sheet to split in the wake of an obatruction.

5.4.2 Velocity profiles

The time averaged velocity profiles G, as measured by a split film
probe, (Figures 84 - 91) were much as expected. It is obvious irom
Figure 148, how the proposed flow field could be used to produce
these time averaged results. Further discussion of this point will
be given in Section 6.2.1 in relation to determining the true vortex
strength from a given time averaged velocity profile.

The U results show excellent agreement with the one comparable profile
of Kindaz, (Figure 98) and the other two hot wire techniques used in
this study, (Figure 99). A discussion of the profile errors of the

anemometer equipment ie given in Section 3.2.5.

5.4.2.1 Effect of slot height variations

The effect of increasing the slot height upon the measured velocity
profiles (Figure 106) is seen to be primarily a change in jet velocity
profile. The existence of an approximately constant velocity core is
apparent although outside the velocity minimum, little difference
exists in the profile. Unfortunately time did not permit further
downstream investigation of the wall jet at the increased slot height.
With reference to the effects of increasing slot height upon overall
performance discussed in Section 5.4.1.1, it is suggested that the
optimum performance is influenced by the boundary layers in tho‘jot.
The presence of the boundary layers in the jet produces a concentration
of vorticity within these boundary layers proportional to the velocity
gradient. The presence of a constant velocity core provides the
optimus conditions for this vorticity concentration, i.e. maximum
3U/3y. Therefore since the magnitude of the vorticity defines “he
distance to separation of the wall jet, it is proposed that it is the

e
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size and gradient of the jet boundary layer {dependent upon the .
existence of a core, or not), coupled with the effects of the
proximity of the vortex stream to the wall which produces the
variation of performance of circulatiocn control aercfolls.

5,4.2.2 Effects of slot lip thickness

The effect of increasing the thickness of the slot lip, (Figure 107}
is very interesting. It was expected that the effect would be to
lengthen the starting region of the flow in the wake of the lip and
reduce the lift coefficlent. However, this was not apparent from the
results, which implied that the entrainment process was strong encugh
to produce inflow angles of up to 25%, This also suggests that the

formation of the proposed vortex stream does not require a starting

length dependent upon geometry, but rather on velocity ratio, -
5.4.2.3 Variations of the parameters which describe the velocity .
profiles

Figure 109 shows the variation of the position of the half velocity
point, Ym/2 with © for a variety of blowing rates. The half velocity

point may be defined two ways:

u +U
- m min
where U“_‘. - ——-—-2
2 (5.5)
B 2
2

Figure 109 gives both variations. However it is shown (Figure 109)
that at higher blowing rates whers a fully developed wall jet profile
is attaine”, the two half velocity points coincide (anin -+ 66)'

Figure 110 shows the variation of the wall jet profile edge velocity
with 6 and Cy . 1In some cases, dstermination of U was aifficult Aue

to the variety of wall jet velocity profiles obtained.




e e =

PP

103

Figure 111 shows the variation of ﬁmin with 8 and Cyu. amin is
assumed to tend to zero at the slot, Figure 112 shows the variation
of Em with § and Cu. These two figures give some indication of the
variation of vortex strangth in the wall jet. It could be assumed,

allowing for the fact that the velocity profiles are time averaged,
that the vortex strength is given by

K=f Pﬁh - Umin)' G, (Ym<- Yminﬂ (5.6)

where G is a factor to allow for the effects of time averaging upon
the individual vortex strengths. (ym - Ymin) represents a typical
length scale for the vortices, assumed to be their diameter, and is
equal to the width of the free shear layer. The velocity difference
across the shear layer (ﬁm - Emin)' coupled with G, indicates the
velocity increment across the vortices. Figure 150 shows the
variation of (Gm - ﬁﬁin) with 8 and Cu which can be seen to be an
exponential type decay. The method of Smith et a139 uses a similar
type decay to model the vortex strength distribution along the wall

jet. Some comments upon the relative size of G will be made in
Chapter 6.

5.4.2.4 Streamline patterns and their radii of curvature

The time averaged results, U, shown in Figures 84 - 91 were used to
produce the streamline patterns and their radii of curvature

{Figures 100 - 105). The effeacts of the strong entrainment close to
the slot and the growth rate of the jet are obvious from the stream-
line patterns. The radii of curvature were produced, as described in
Section 4,2.2 and show a distinct departure from the usually assumed
concentricity with the local centre of surface curvature:

R=R, +y {5.7)
Equation (5.7) is shown on the figures for comparison and it can be

ssen that at higher blowing rates and angles from the slot, the
variation of the deduced radius of curvature becomes parallel to

e — e — i
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squation (5.7). This would appear to indicate the occurence of a

fully developed wall jet profile once clear of the slot and the
associated strong entrainment.

- o

The deduced radius of curvature can
be as much as twice that usually assumed by equation (5.7). "This

would produce significant errors in many theories particularly whare i

the radial static pressure gradient is given by a simple force
balance (equation 3,33).

The measured local flow angles G/ﬁ, (Figures 92 - 95) geemed to

indicate the expected trends of entrainment and jet growth. However

i
i
the results when compared with the requirements of continuity, !
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were shown to be too negative. It was Suspected that the errors

discussed in Section 3.3.4. produced this apparent negative offset

and allowing for this, the results provide a reasonable representation

of the streamline patterns shown in Figures 100, 102, 104.

The derivation of the normal velocity profiles from equatlon (5.8) is
Suggested as realistic since the vortices

in the propossd flow field,

although markedly different from the time averaged atreamline patterns,

would produce no nett effect upon V; as each vortex passes, then

e
=
=
=
E.;
=
-
=
E.

equal and opposite V influences are experienced producing a nett zero
effect for a constant radial position above the murface,

5.4.3 Turbulence results

The first consideration regarding the measured turbulence parametars

in the light of the proposed flow field is, exactly what has the
squipment measured? The instantansocus velocity vector instead of N
being simply represented thus

Us=@+u
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could now be

U=U+d+ gy (5.9)

where {i now represents a pesriodic function the

dependent upon the heasuring position relative
Since the

value of which is

to the vortex stream.
Passing frequency of the Stream has been shown to be ahove

the anemometer frequency response, it can only be assumed that the
Apart from the regions close to
the wall and in the outer boundary layer the turbulence
be explained by their relative positions to tha vortex

measured turbulence represents i,

levels should
stream.

5.4.3.1 The longitudinal turbulence intensaity

There is a great lack of reliable turbulence data in highly curved

ulence results, norm-
difficult and subject to many errors.

technique and datunm flow quantities can

wall jet flows. Asg is common with all turp
alisation anAq comparison is
Differences in equipment,

pProvide order of magnitude

&rrors in the measurements aven if the
flow situations

are well reproduced. Comparable data for this flow
field is limited to the work of Kina32

28 the only reliable ana well
documented set of results,

Two techniques (Bingle wire and

8plit £ilm probe) were used in the
present study to determine the

longitudinal turbulence intensity
u'“/0 and these are described in Sections 3.2, 3.3,

between the split film and single wire
113 - 116, indicates the effects

The comparison
results, shown in Figures

of probe size and Operational band-
width. The edge of the wall Jet ( vy > 0.3 in,

7.5 mm) indicates that
the fres stream turbulence levels

tended to be less than %, in good

agresment with those originally heasured in Section 2.2.2, using a

crossed wire probe. In the outer part of the wall jet the

intensity
gradually decreases to the

free stream levels 48 would be expected,

Closs to the wall, a minimum intensity

exists in the region of the
velocity maximum and increases as the

wall is approached. This is

i
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consistent with the suppression of the normal turbulence at the wall,

E———

v'? .0 as y=+0

The affects of heat loss to the surface from the hot wire probe did
not seem to be a problem, although the closest points were within
the region (y < 0.004 in, 0.1 mm) generally regarded with suspicion
for wire probes of 5 ym diameter. The effects of the wall upon the
split film probe results are howaver more noticeable. Whilst heat
loss to the surface may have affected the mean velocity measurements,
the effects of probe interference are more evident in the turbulence
measurements., This is because the turbulence parameters are
calculated as the fluctuations upon the mean, which is calculated at
each step; hence the turbulence levels are relatively insensitive to
changes in mean flow angle or heat loss to the aurface. All split
film probe turbulence measurements within 6 probe diameters

{(~ 0.035 in, 0.88 mm) of the surface have been ignored. It should be
remembered that the film probes were run at a much lower overheat
ratio (0.5) compared with the wire probes (0.8). The effect of the
wall interference on the split film probe is clearly shown in

Figure 117 as an increase in va'<¢/0 beyond that expected as the wall
is approached. Figure 117 also shows a comparison between the
present split film results and the hot wire results of Kindaz. The
agreement is remarkable and not only provides justification for the
assumptions regarding the extent of probe interference but also
indicatas that the results of xind32 wers taken at a similarly low
cpsrational bandwidth.

In the region of the shear layer, Figures 113 - 116, the turbulence
rasults must now be reinterpreted for the presence of the vortax
stream. The time averaged longitudinal intensity (JG?IVE) indicates
a psak value in the cuter half of the shear layer. This is explained

simply as the region in which the longitudinal velocity vector N

experisnces the greatest variations. Dependent upon the relative
position of a vortex, the velocity vector can be rotated through a
fuil 100° as indicated in Figure 151,

et e i i+
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? . Figures 119, 120 more clearly illustrate the relative positions of
the maximum and minimum longitudinal turbulence intensities to the

velocity maximum and minimum.

The effects of the excessive surface roughness mentioned in Section i
5,1.2, upon the turbulence results is not obviocus since no suitable

data exists to provide a comparison.

E The longitudinal turbulence intensities, (Figures 113 - 116) exhibit
g a minimum time averaged profile a short distance downstream of the !
slot, in common with the other turbulence parameters. This is :
thought to be an indication of the change in sign of the longitudinal

i —maxamill,

pressure gradient. The negative pressure gradient suppresses the
turbulence while the positive gradient has the opposite effect. The i
6 position of this minimum in the turbulence profiles appears to be '

TR, BTy TwTy wReseTs T T o4 o

* nearly constant for varying Cu and was coneistent with the position 4
- of the measured suction peak. A similar effect was noticed by Engla.r28 : y!
. on measurements of surface shear stress, an example of which is given 1
as Figure 151. _

As separation is approached, Figures 113 ~ 116 indicate that the l

{

intensity of the turbulence increases rapidly with distance from the

slot, as would be expected.

T TTTREI TR A RETR f T OTTYRRRE T T T T AR

: Figure 118 shows the longitudinal turbulence intensity as measured by

a hot wire probe at similar Cu values but for variations of slot

height and lip thickness. Increasing the slot height reduces the

minimum intensity due tc the presence of a near constant velocity

core. However, the maximum intensity near the slot lip has been i
nearly doubled. The doubled slot height effectively reduces the jet 4
velocity for a given Cu by nearly 308, thus reducing the initial
mixing process and the formation of the vortex stream. This results

in a higher nett turbulence intensity in the wake of the lip.

Thickening the lip shows an increase in the valus of the peak intensity
in the shear layer and a corresponding expansion of the wake of the
1ip. The effects upon the velocity profiles, (Section 5.4.2.2,

Figure 107) were shown to be small and this indicates that the
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starting length was little changed by the lip thickness. The
effacts of thickening the lip upon the overall lift coefficients
were within the experimental accuracy of the measurement system and
hence could not be used to indicate any trands.

In both doubling the slot heights and thickening the slot lip, the
typical eddy size of the flow in the wake of the lip has been
increased by reducing the velocity gradients and increasing the
typical lengths. This could also be a factor in the apparent increase
in the measured turbulence in the wake of the lip.

5.4.3.2, The normal turbulence intensity

The normcl turbulence distributions are shown in Figures 121 - 124,
The measurements for this parameter were only obtained using the
split film probe and as such are subject to the operational limitations
discussed in Sections 3.3.3, 3.3.4, The values close to the wall

have had to be ignored due to probe interference effects as discussed
in Section 5.4.3.1. It is interesting to note that as the wall was
approached, the lower film would cause a small contraction between

the probe and the surface and therefore reduce the fluctuations
measured by the lower film, Now, since the normal fluctuations ware
a function of the difference of the two film signals, this asymmetry
would causs an apparent increase in the measured fluctuations. This
can ba seen to be the case as shown at one blowing rate in Figure 124.
In general the values for the normal turbulence were approximately
60% of the longitudinal values as shown in Figure 125.

The normal turbulence intensity maximum appeared to be locatsd at the
centre of the shear layer, this being the proposed centreline of the
vortex stream. This result seems reasonable since, at the vortex
centreline, as sach vortex passes, the velocity vector rotates
through 180° to give the maximum variation of V, (ses Figure 151).

Figurs 126 shows that, at lower blowing rates, the positions of the
maxina of the normal and longitudinal turbulence intensities do not
ecincide, the normal turbulencs being closer to the surface. This

I Ny
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i relates well to the proposed vortex stream. .lowever, at higher

{ . blowing rates, the longitudinal turbulence maximum moves closer to

? the surface to coincide with the normal maximum. This phenrmenon is

’ not fully understood but may be dus to the vortices not being

circular. As the jet velccity is increased, so the vortices are '
deformed allowing the turbulence intensity maxima to converge.

—

5.4.3.3 The Reynolds shear stress u'v'

- é Figures 127 -~ 130 show the shear stress distributions measured by a
aplit £ilm proba for varioua angular positions and blowing rates. \

i The results, although subject to the errors discussed in Section
‘ 3.3.4, 5.4.3.2 indicated the expected trends. A negative value near
the wall was not measured but was indicated by the results, in agree-

b ment with a positive wall shear _ ‘

T==p uv I

An example of the wall shear streas as measured by Englar28 is given ]
in Figure 152.

Just inboard of the velocity maximum a zero shear stress point was
indicated although it was apparently at a greater y/ym value than was
suggested for a curvedwall jet by Wilson and Goldltoinzl. This may

be an effect of the surface roughness of the trailing edge cylinder.

A maximum valus of the shear stress occurred close to ym/2 and the
distributions then quickly reduced to a second Zerc value at
approximately Ymin® Outboard of this rero point the shear stress
became negative; consistent with the return of a positive velocity

[

3 gradient.

Figures 134, 135 give a comparison betwaen the nmeasured distvibutions,
te those produced by CIRCON38 and those measured by Wilson and Goldstcinzl.
They indicate the large difference in the distribution caused by the
presence of the sxternal flow and also the inability of the eddy

viscosity model used in cxncun" to predict the shear stress in the

LI | I
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, cuter region of the flocw. Fiqures 134, 135 use the results shown in
! Figure 133 for the measured u'v' factorad to take account of the

. limited bandwidth of the split film probes, as discussed in Bection
4.2.13,

The interpretation of these shear stress rasults with regard to the

proposed vortex stream is more complex than for the normal stressas

It would sesm reasonable however to expect the maximum
shear to occur in the vicinity of the counter flowing stream between

} each vortex (see Figure 151). Also, since the fluctuating velocity

' at the inner edge of the vortex stream imparts a shear force on the
surrounding fluid of constant sign, then it is reasonable for the time
averaged shear stress at that point to be finite and non-zerc, Hence

the zerc shear stress may well occur away from the velocity maximum. ‘
At the outer edge of the vortex stream however, the shear stress is of ' l
fluctuating sign. This suggests that the time averaged shear stress ’ i
L]
i should be zero; as was shown to be the case {Figure 127 - 1130).

i It im necessary to remember that the measured shear strasses (u'v')

E are perhaps not a realistic representation of the actual shears
experienced by the fluid since the measurements wers time averaged with
respact to a fixed co-ordinate system.

5.4.3.4 The radial static pressure distribution [

These results have already been discussad in Section 5.3.1, The

unusual shape of the static pressurs distributions is however now simply
sxplained by the proposed discrete vortex flow field. The high o
Pressure gradients that were measured represented the time averaged | i
valuss of the pressure gradients appcopriate to the high curvature of
the streamlines of the flow around their local centres of curvature for
each paseing vortex, combined with the spacing of the vortices,

The radii of the proposed streamiines around the vortices is roughly
an order of magnitude smaller than the surface radius (see Pigure 148).
This explains the disageement between the measured pressute gradients

R T TR RO Ly T T e
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and thoss produced by the radial momentum equation,

5.5 General Conclusions Regarding the Experimental Results

Gueat care was taken in obtaining and evaluating the experimeantal

results. The unexpected trends of the radial static pressure
distributions led to a new undarstanding of a Coanda flow field which
not only allowed a full interpretation of ths turbulence measurements,
but alsc explained many of the unusual phenomena associated with the
i performance of circulation control aerofolils.

It is hoped that the proposed flow fisld will lead to an improved : 1
thecreticul prediction and the incorporation of such a discrete

vortex calculatio: into an aerofoil prediction scheme will now be :
discussed in scome detail in Chapter 6. ' ‘
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j 6. THE THRORETICAL IMPLICATIONS OF THE PRESENT RESULTS AND THE .
PROPOSED FPLOW FIELD

; 6.1 The Deficiences of the Method of Dvorak>®

The discussion of the current results in Chapter 5 indicated a number ‘
of deficiencies, other than the assumed flow fiald, in the time L
averaged parameters used in the trailing sdge wall jet calculation of

Dvorak and Kindaa. ]

1) Radial shear stress distribution

Figure 134 gives a comparison batween a typical shear stress distri-
bution predicted by Dvarak and Kind38 and the current resulta. The
eddy viscosity model uased by Dvorak and Kind38 equation (l1.4) is used
to calculate the shear stress distribution and it can clearly be seen
how the model fails to predict the negative values in the outer region.
This negative shear stress ragion was alsoc shown to exist by Jon0333

but only close to the slot exit. .

)

; i1) Radial static pressure gradient

The measured static pressure gradients (Figures 139 - 142) indicate a
significant departure from the usually assumed distribution given by an
overall radial force balance. The values used in CIRCONaB ara taken
from the potential flow calculation with a correction for excess jet
momentum. Only the longitudinal pressure gradient is calculated by

CIRCONJB and an example of the distribution is shown in Figure 153.

iii) local streamline radius of curvature

The experimental results (Figures 101, 103, 105) indicated that the _
local streamline radius of curvature was considerably larger than the 4
usually assumed value of(Ro + ¥). This would have an effect throughout
the wall jet calculation, most cbviously in the continuity equation,

190 3 .
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and in the calculation of the following terms in the radial momentum
equation.

v
R

ar/ o’
Q‘C

It should of course be noted that the use of such time averaged
relationships has produced a calculation method that is not based on
a true representation of the flow field. The above deficiencies exist
within the present calculation scheme; however there are some other

aspects of the assumed flow field that CIRCON38 is unable to account

for, such as:

i} Jet exit angle re.ative to the local surface
1i) surface roughness

1ii} wvariation of jet contraction geometry

ivl  variation of slot lip geometry

It is suggested that all of these may produce large changes in the

performance of a given aerofoitl.

If a wall jet calculation scheme is to be based upen the solution of
the momentum equation, closed by & Buitable turbulence model, then the
finite dAifference technique is considered to be the most suitable.
However, if the proposed flow field is to be accurately modelled then
an inordinately fine mesh grid would be hecessary, creating problemns
in terms of computer time and storage. It is proposed that a more
physically representative approach would be to incorporate a discrete
vortex wall jet model into the overall viscous/potential flow inter-
action technigque.

e 2 e
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6.2 Some Conments Upon the Incorporation of a Discrate Vortex Model
Into an Aerofoil Calculation Scheme

Viscous/potential flow interaction tachniques exist which enable the
calculation of the boundary conditions around the trailing edge wall
Jet of a circulation control aercfoil. These boundary conditions are
very important in this type of calculation since the conditions at the
slot determine the initial vorticity and the lower surface boundary
conditions usually define the wall jet separation pressure. The
present results may be used to make some suggestions regarding the
improvement of the existing discrete vortex wall jet calculation
scheme (Smith at 3134' 39).

6.2.1 Determination of the initi»l vortex strength

Since it is known that apart from viscous effects the vorticity cannot
be destroyed in a flow, merely dissipated, the determination of the
initial vortex strength becomes of prime importance. It is this
parameter that will control the extent of the Coanda attachment for a

given surface geometry.

It would seem reasonable that the jet:free stream velocity difference
should be the major factor in determining the vorticity: the external
and slot flow are assumed steady. A realistic value should be obtained
by considering the velocity profiles and in particular the instantaneous
value of (Um - Umin) close to the slot. It can be seen from Figure 149,
that the time averaged values of this velocity difference exhibit an
exponential type decay, suggesting some Bimilarity between this
parameter and the proposed vortex decay of Smith et a139 in terms of
energy dissipation. Before considering the actual vortex strength
within a Coanda jet, two other factors must be considered; the frequency
of the vortex shedding and the starting length of the flow. The

frequency is considered in Section 6.2,2,

The question of starting length has long been a problem in all wall jet
calculation methods, although problems are usually centred around the
possible existence of a potential core and the extent of the slot 1lip
wake. In the case of the log apiral trailing edge it is usual to assume
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a false origin to the Coanda surface in order to produce the required !
similarity. As shown in Figure 146 the proposed flow field is more
complex when considering starting length,

et ECR P,

From the experimental resulcs (Figure 107) the extent of the slot 1lip
wake apgeared to be small, of tae order of 5 slot widths, and did noc
vary significantly with changes in slot lip thickness. This would

P

suggest that a value for the wake length as a function of the blowing
rate would be reasonable and not significantly in error. It is proposed

that the wake length would reduce with increasing blowing due to the
increased entrainment of the stronger jet.

C el

The more difficult problem is that of the transition from the assumed .
vortex sheet at the end of the lip wake to the fully developed vortex ‘
flow. More recently Jimeme263 has considered this problem without the

presence of the wall. Considering an infinite uniform vortex sheet

with strength AU, then if the sheet is perturbed locally it will tend

to roll up into a tight spiral whose evolution and growth rate can be
determined.

-
RO SR, T

A double armed spiral is formed with a tight almost circular, central
core. The streamlines form the familiar 'cats-eye’ type pattern
(Figure 154) and indicate that the la-ge vortical structures are
elliptical in shape with a semi axis ratio of 1.76. The growth rate '

of a free shear layer ccvstructed of a number of such structures has
been shown by Jimeneze3 to be:

) 4 Ay
- m | ct— (6.2)
x n? (U + U,

This is in good agreement with the experimental chservations of Brown

and Rolhk057.

The distance over which the vortex sheet rolls up to form such discrete
structures is not clear. However it would be logical to suwggest that,
providing the perturbation was not a randomly occurring event but
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continuous, then the strarting length could be approximated to one

wavelength of the vortex stream, similar to the photographic svidence

of Chandrsuda et 5162.

The required perturbation could be due to either thres dimensional
effects within the turbulence structure or, as is more likely in the

case of the wall jet, to the strong entrainment of the outer flow at

the jet exit.

It is clear that these suggestions are reasonable for free shear layers.

The effects of the presence of the wall and viscosity upon the formation

of the structures is as yet undetermined. The wall will presumably

have a more significant effect upon the growth rate than on the

formation of the structures and this will be discus 1 in Section 6.2.3.

Having determined some criteria for the starting length, the problem of

relating the time averaged velocity profiles to the instantaneous

vortex strengths is now considered. Assuming the simplified vortex

array and with the notation as shown in Figure 155 it can be shown

that, assuming the vortices to exactly span the shear layer and that

locally, the vortex strengths and size are constant, then
2 anr
U - E + U (6.3)
xor [ ma-w?+ T

If this is integrated to produce the time averaged velocity then:

Ux.r = - | 4

n
2k_x - —
[ n E (-lun'lﬂi+ltmld—§-'-'—l-’-) + U, (6.4)
r r r T
-Nn

Hence the ratio of instantansous to time averaged velocity at the sdge

of the simplified vortex stream is given by,

n
wr ) gzt
n nd +r
g . = (6.5)
’ 2::: E (m"%‘-’--tmlﬂ!‘ﬂl) + U,
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This is taken at a point on the edge of the shear layer coincident
with a vortex centreline. The parameter d is the wavelength of the
stream, Figure 154 shows some results from this calculation for
ratios of vortex strength for typical length scales and indicates the
magnitude of the corrections in order to allow for time averaged flow,

Using the simple model of Figure 155 it is obvious that the
instantaneous value of V, the normal velocity at any vortex centre,
providing it is not at the extremeties of the stream, will always be
zero, since the normal components of the vortices tend to cancel.
Thus it becomes clear that the dissipation of the vortex strength and
changes in vortex spacing dictate the locus of the vortex stream,
This will be further discussed in Section 6.2.3.

6.2.2 Determination of the vortex shedding froquency

The determination of the vortex shedding frequency is of vital
importance to any discrete vortex theoretical method since it dictates
the timc step interval of the calculation. The current experimental
work suggested that the frequencies of the stream were above the
normal operating bandwidth {20 - 40 KHz) of the hot wire anemometers.
This would tend to be supported by other experimental evidence, such
as Brown and Roshk057, Horne et a154. It is also reasonable to
sujgest that, not including vortex pairing or dissipation, which will
be discussed in the next section, the time interval between vortices

remains constant for the wall jet. Now, since

1 - streaming speed
time interval separation distance

frequency = (6.6)

the distance between adjacent vortices must vary with changes in
streaming speed as well as with their mutual interaction. Figure 157
shows the variation of ﬁm/2' the proposed streaning speed, with angle
from the jet exit. Since un/!' is measured at the vortex centres, its
variation will be almost independent of the size, strength and
frequancy of the vortex stream.
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The shedding frequency is usually determined, such as in the casss of
cylinders, blunt aercfoils and spoilers, from the Strouhal number.

fa

where 4 and U are assumed typical lengths and velocities (such as the
free stream velocity and the diameter in the case of the cylinder).
For a given situation, the Strouhal number remains constant and the
frequency then becomes a linear variable with velocity.

For the case of the ! 'ghly curved wall jet with an external stream, it

is proposed that,

d = %n(slot lip thickness, jet boundary layer displacement
thickness)

U = velocity difference at the slot

The effect of slot height upon the value of 4, given as G*JET' the
displacement thickness of the jet boundary layer, is suggested in
order to account for the presence of the jet boundary layers, as these
are the source of the majority of the vorticity flux (-9U/3y}, and the
possible existence of a constant velocity core. It is possible that a
simiiar effect for the upstream boundary layers should be included.
However the strong entrainment at the slot exit has been shown to alter
the shape of the upstream boundary layer velocity profila and
insufficient data is avallable on which to bass any qualitative
suggestions. Certainly, since the vorticity of a fluid element is
defined an

v ou
W = H 'E (soa)

the largest contribution will come from the jet boundary layer/slot lip
wake interaction ind the suggested scaling length is representative.
From the current geometry where 4 * 0.25 x 10 9 m (0.010 inches) and

it
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assuming a constant Strouhtl number of 0,2 (typlical of vortex shedding
flows), the frequency variation shown in Figure 158 can be obtained.
The frequencies indicated ars in the correct range compared with the
bandwidth of the anemometer aquipment and suggest a wavelength
{distance batween adjacent vortices) given by

A = Eg - Streaming speed
4 frequency

of the order of 1 + 2 mm (0.04 + 0.08 inches).

Since the formation of the vortices is suggested to be largely
dependent upon the interaction of the jet boundary layer and the slot

lip wake, the effects of the proximity of the wall are expected to be
small.

6.2.3 On the growth and dissipation of the vortex stream

The vortex stream which makes up the shear layer of the wall Jet grows
due to the individual growth of each vortex by entrainment. As the
vortices roll up, they continue to entrain the cuter fluid at a rate
dependent upon the individual vortex strengths and the spacing between
adjacent vortices, 1In his analysis, Jimenez63 considered the entrain-
ment process of each vortex. He showed that the vortices will continue
to grow in the familiar 'cats-eye' shape but that the expansion of the
individual vortex in the lateral direction saturates before the
longitudinal axis. The limiting condition then becomes the point at
which adjacent vortices touch. At that point it is suggested that the
process of pairing occurs. Up to the present time this process has not
been allowed for in discrete vortex wall jet calculations.

The pairing process is a very complex one. There are two possibilities
to be considered. The firat possibility is that, at the very point
that the vortices touch, the effect of having opposite velocity vectors
at the same point causes a severe disruption of the local streamline
pattern and instant amalgamation of the two vortices occurs. Upon
amalgamation, the nett vorticity will be conserved while the wavelength
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of the local vortex stream is doubled. If the cross sectional area
of the 'new' vortex is rougily double that of a previous vortex, then
separation between vortices again exists and entrainment continues,
The second posoibility usually considered is that, upon touching, the
two vortices roll round each other for a fraction of a turn bafore
amalgamation; the so called 'helical pairing'. This process is
indicated by the results shown by Chandrsuda et a162. It is interest-
ing to note that Jimenez63 also shows that the pairing and entrainment
process can approach a limit cycle at which point the vortices are ro
longer generated downstream. This is interesting and could have

significance in determining the extent of the wall jet attachment
for a given blowing momentum.

The effect of the presence of the wall is obviously important in
determining the growth rate of the vortex stream. Compared with a
free shear layer, the growth of the vortices is restricted due to the
proximity of the solid surface and of course a certain amount of
energy will be lost from the stream due to viscosity within the inner
layer. The growth of a free shear layer derived by Jimenezs3 is given
as equation (6.3) and indicated in Figure 159. The reduction due to
the presence of the wall and the effect of the conservation of

angular momentum in the curved wall case are clear,

The single vortex stream can be simply modelled in potential flow and

a wall can be included by adding the usual mirror images. Introduction

of the additional boundary condition that Uy +0 as y * O is more complex

and is yet to be satisfactorily attempted.

It is generally assumed that the vorticity will be dissipated by the
smaller scale eddies within a flow and that large vortical structures
will degrade to a smaller scale - the so callaed 'energy-cascade’,
although this is usually a strong three dimensional flow. 1In the
proposed flow field it is obvious that no significant degradation of
the flow occurs. It is therefore suggested that the energy is
dissipated in three waym-
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1) by the small scals turbulence surrounding each individual
vortex

i) by the catastrophic pairing phenomenon

1ii) wvia the wall .hear stress, which exertas a moment on the

vortices.

It immediately becomed obvious that the mcdelling of such a flow field
is inherently extremely complicated, and the estimation of the
digsipation of the vortical energy is a key part of the technique.

The work of Jimeneze3 would seem to indicate that the pairing process
is the dominant factor in the growth of the shear layer and that
inclusion of a limit on the size of adjacent vortices is necessary.
Once the limit is reached then pairing should be accounted for with a

coincident loss in vorticity for the new single structure.

The assumption that the structures can be represented by simple point
vortices is valid since, although the deduced theoretical streamline
patterns tend to cylindrical cores, when viewed from a distance, a
vortex with a cylindrical core will appear to be a simple point vortex.
With this in mind it would suggest that the proposed pairing limit
should be checked by estimating when two adjacent 'cats-eye' stream-
lines touch,

The inviscid potential flow method of Smith et a139, has already shown
that a discrete vortex stream will remain attached to a highly curved
surface. It was however necessary to include an exponential vortex
strength decay to obtain reasocnable agreement with experiment. 1l lift
confficients. It is hoped that incorporation of some of the above
suggestions may allow removal of the somewhat arbitrary vortex decay
rate without reducing the accuracy. '
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6.2.4 Bome further considerations
—M

The above comments have been concerned primarily with producing more

realist.c techniques for incorporating a discrete

vortex calculation
in a curved wall jet methed,

When considering the trus aerofoil,
some further considerations may need to be made.

6.2.4.1 Effect of longitudinal pressure gradient

As has been shown, the wall Jet exists in the presence of extremely

strong positive and negative longitudinal pressure gradienta.
appeared from the turbulence results,

It
{Section 5.4.3) that the

initial negative bresgure gradient stabilised, or in some cases,

gradually reduced the measured turbulence levels. As soon asg the

suction peak was passed and the pressure gradient became positive,

the turbulence levels increased. This may well indicate that little

vortical energy ias dissipated within the flow until after the jet has

negotiated the suction peak, with the exception of that due to skin
friction.

6.2.4.2 Effect of the Presence of shock waves

In some flight cases it becomes
obtain sufficient jet mass flow,

necessacy to choke the slot exit to

In these cases the jet is under-
expanded and can becume locally superscnic at the jet exit, Little is

known of the detailed structure of this flow, or of compressibility
effects in general, except that an 'expansion fan' appears to emanate from
the slot lip and that eventually, at pressure
the jet will detach,

ratios approaching 2.5,
Since the velocity difference as
aimilar order,
magnituda,

defined in Section 6,.2.2 remains of
the shedding frequency alsc remains of similar

However, since the streaning speed of the vortices is

greatly increased, the wavelength of the vortices becomes long. This

would tend to suggest that at some point, the vortices become

insufficiently close to sach other to maintin the attachment,
hence the flow separates.

and
This may explain why the change in flow

situation occurs so suddenly and also, since the longer wavelengthas
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reduce entrainment, why the transonic performance declines.

Many of these points will remain unresolved until further experimental
data becomes available.
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7. CONCLUSIONS

A program of research has besn conducted on the asrodynamice of a
pnominal 20% thickneasichord ratio circulation controlled elliptic
aerofoil section equipped with leading and trailing edge blowing slots.

The overall lifting performance results agreed well with the limited
amount of previous work available. The detailed investigation of the
thin, highly curved trailing edge wall jet demanded the development
of new test techniques and equipment as well as the capability to
obtain repeatable, steady, two-dimensional flow conditions around the
model sectjon. The results obtained have lsd to a new insight into
the nature of Coanda flow which offers the possibility of a simpler
theoretical sclution to the complex wall jet flow.

7.1 The Nature of the Coanda Flow

The results from the detailed trailing edge wall jet investigation led
to the proposed discrete vortex flow field, fully discussed in
Chapter 5.

Each passing vortex produces a reduced static pressure batween itself
and the adjacent surface, drawing the vortex towards the surface. The
palance between the ‘cent-ifugal’ force of the stream and the attach-
ment of the vortices causes the typical wall jet properties of attach-
ment and growth. The effect of the high frequency vortex stream is
also to strongly entrain the outer fluid, be it moving or stationary,
due to the influence of the velocity field of the vortices.

The assumption that the initial vortex strength and shedding frequency
(and hence the degres of attachement of the wall jet) are dapendsnt
upon both cu
effects on overall 1ifting performance of circulation control aerofoils
(e.9. slot height, probe interference) to be simply axplained.

and the slot geometry has allowed a variety of observed
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7.2 Theoretical Implications

: ; The proposed flow field is believed to explain the inability of the
existing "time averaged” theaoretical methods (either integral or !
finite difference approximations) to satisfactorily predict

circulation control asrofoil or sven highly curved wall jet flows.

T T TTeeI T T 7T

; The existing potential flow discrate vortex method of Smith et 3139

provides an indication of the simplicity of replacing a wall jet by a

} ' stream of discrete vortices. The present results would tend to

suggest that a more successful method would include the effects of 1
viscosity, vorticity dialibation and pairing of adjacent vortices at

some critical point in their development. The potential for an

e oo

extramely quick calculation scheme still exists however. ‘
7.3 Conclusions Regarding the Experimentil Techniques and :
. Instrumentation i
. !
7.3.1 Two-dimensionality of flow Y

i
]
The attaining of two-dimensional flow, both over the asrofoil and on %
i

exit from the slot, was of vital importance to the validity of the

experimental results. The use of some form of secondary blowing was

nature of the tip jet sealing strips became a problem when the slot
height was varied. It was also apparent that at higher blowing ratss
the small tip jets were insufficient to fully compensate for the end

E shown to be necessary; however experience suggests that the fixed
:
]

plate effects. It is suggested that some form cf wall blowing on the

end plates would be a more universal solution providing sufficient air
supplies wers available.

7.3.2 Anemometry

The techniques developed for the hot wirs and film probes ware shown to
provide repeatable, accurate results. By using both types of proba,

. «allowance could be made for the frequency response and sise limitations
of the split film probes.
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The digital analysis techniques wers shown to be vary suitable to this
type of data acquisition and extended the applicability of the split

film probes by allowing the flow vector to be At some unknown angle
to the sensors.

Mention should also be mads of the capacitance position control system
developed during this research., It had applications for positioning
any metal probe in close proximit, to any metallic portion of the
asrofoil and was unaffected by airflow. Its accuracy and repeatability
were excellent and similar systems may be of significant value in a
variety of other aerodynamic testing environments.

7.3.3 Determination of aerofoil effective incidunce

e (- - T

The use of on-line mini-computers and simple approximate theories to
assess the effective incidence of the aerofoil proved to be the
quickest, most reliable technique developed thus far. The equipment
also provided instant verification of the validity of the experimental
pressure distributions and monitored the stability of a given flow
condition over an extended period of time.

—
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8. BSUGGESTIONS FOR FURTHER RESEARCH

This experimental research has indicated a need for further invest-
igation of the vortex stream that has been shown to exist in the

trailing edge wall jet. It would be desirable to investigate a
number of different aspects.

- the vortex shedding frequqncy.

~ the pairing processes of the vortices.

- the effects of the geometry of tha slot on the vortex formation.

- the effect of tne severe longitudinal pressure gradients upon
the vortex stream.

- the influence of free stream and jet flow Mach number.

Due to the inherently high shedding frequency of the vortices it is
suggested that an optical technique, either a stroboscopic amchlieren
or holography for example, would yield the most useful results.

It would also he of interest to investigate the effects of non-

circular trailing edges to enable the influence of surface curvature
on jet attachment to be determined.

From a full scale application viewpoint, further information regarding
the drag of circulation controcl asrofoils is required. This is an

area still grossly deficient in experimental and reliable theoretical
results.

Taking into account the suggyestions of Chapter 6 regarding the inclusion
of a discrete vortex method into an aerofoil calculetion scheme, it
should be possible to replace the somewhat arbitrary vortex strength
decay rate from the method of Smith et 1139 by a viscous approximation
of the dissipation of vorticity and the pairing of adjacent vortices.

This should provide an improved prediction method with more relevance
to the real flow.
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APPENDIX I : THE SCANIVALVE CONTROL PROGRAM
M

AI'l

The arrays and control parameters are established and a blockage

Main Program

correction applied to the input dynamic pressure.

15600

1510
1000

1601
95

The scanivalves are checked to their home positions and the program
awaits an external event (+5 volts d.c. on A/D channel 4) to begin
sampling. The subroutine STEP, steps the Scanivalve 1 port; the
passed argument defines v .ch scanivalve is to be stepped. The
required D/A channel is held at +9.5 volts for 40 ms and then at

O volts for 100 ms. The subroutine TDWELL allows a 250 ms delay,
enabling the pressure at the transducer face to reach a steady

COMMON TCDNi;TCGNE;D?NP;SP59<4);SP(44J;SPHV

COMMON X<44), XNEHC44), SPNEH(44)
COMMON ZERO1, ALPHA, CD
DIMENSION IDATECI)

WRITE<4, 1500)

FORMATC” INPUT RUN NUMEER END DATE I FORMAT *)

READC4. 1000 IRUN, CIDATECI), I=1, 2)
WRITE<4, 1518) '
FORMATC” INPUT DYNP. TCONL, TCON2 -
READC4, 1601 )DYNP, TCONL, TCON2
FORMATC X4, 213D

BLOCKAGE CORRECTION
DYNP=DYNP*1, 0275

FORMAT(3IF18. 4)

RUN=FLOATCIRUN)

CONTINUE

atate,

L o R o

ettt e -
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ZERO D/A CHANNELS

CALL DAC<0, 0. @)

CALL DRC(1,0, 0)

HOMNE SCANIVALVES
HMSIG1=RDCCO)
IF¢CHMSIGL. GE. ©. 5> GOTO 10
CALL STEP(®)

CALL TDWELL

GOTO 5

CONTINUE

S/Vv4 HOMED AT FIRST PORT
HMSIG2=ADCC2)
IFCHMSIG2, GE. 6. 5) GOTO 11
CALL STEPC(L)

CALL TDWELL

GOTC 6

CONTINUE

S/Y2 HOMED AT FIRST PORT

WRIT FOR EXTERNAL EVENT TO TRIGGER cHMPLING ‘

STSIG=RDC{4)

IF <STSIG. GE. 2. ) GOTO 12
GOTO 58

CONTINUE

12

Upon the external event trigger, the program samples the four half
chord pressures. These were not used in this work. The 44 static
tappings around the centreline are then sampled; allowance is made
for the fact that tapping"hkd was unusable., The subroutine SCANCL
samples and stores the static pressures; an average of 50 samplas of
each pressure is used, The Scanivalves are then checked to have

returned to the home positior.
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ee
61
20

k{.
2001
31

' —31

START BY SCANNING THE FOUR HALF CHORD PRESSURES

1i=0
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

NOW SCAN THE 44 TAPPINGS ON CENTRELINE CHORD

L=@
L=l +1

Li=L/2

L2=2%
IFcL
M=0
N=1
GOTO
flad
N3
ChaLL
CALL

.CALL

CALL
IF<L.
Leb+1

CALL STEP(M)

M=0
Neaj,

DO 20 J=1, 42 ﬂ

138 E

STEP(@)
STEP(1)
STEP(@)
STEPC1)
TDWELL.
SCANSOCL, 14)
TDWELL .
SCANSOC3, 11)
STEP¢O)
STEPCO)
TOWELL
SCANS@CL, 11)
STEP(¢4)
STEP¢1) ‘
TDWELL i
SCRNSOC(I, I1)

EQ. L> GOTO 12 -0

14

TDWELL
ZEROCN) |
STEP (M) g
TDWELL ;
NE. 4>GOTC 8@

GOTO 14 ;
CONTINUE

CALL SCANCLCN. J) 4
CONTINUE 3

CALL STEP(M)>

CONTINUE .

BOTH SCANIVALVES SHOULD BE HOMED CHECK
HMSIGi=ADCCR)

HMSIG2=ADCC2)

lF(HMSIGi.GE.B.S.ﬂND.HMSIG?.GE.B.S) GOTO 30
NRITE(4, 2000) '

FORMATC? ~, 8X,  SCANIVALVES OUT OF SYNC’, /)
GOTO 21

HRITEC4, 2001)

FORMATC” *» SX, * SCANIVALVES HOH!b IN S¥YNC’, /)
CONTINUE
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The subroutine CALCS]l interpclates for extra points between thea

meawured pressures using a Langrangian interpolation technique and

then integrates the pressure ccefficients to give CL and CDP'

. 2002 FORMATC 7, 20K, 13, 7/7, 13,777, 13, 1.8%, “RUN NUMBER’ ., FS. 1, 2/) L

L. NRITE(4, 2023)

S 2003 FORMATC 7, SX, “ woksorwe INPUT PARAMETERS wokmok”, 2) . f

; HRITECY, 2004 >DYNP, ALPHA

3 2004 FORMATC 7, 5X, *DYNAMIC PRESSURE =/, Fé&. 3./, }

z ‘ * 3X, “MODEL EFFECTIVE INCIDENCE = “F@. 2./, : '

; % 3X,’C MU TRAILING EDPGE = *,/,) r i

; : IFCIDEC, NE. 1)G0TO 75 ’

WRITEC4, 2019)

; 3010 FORMATC” MODEL STATIC PRESSURES”)

; HRITECHY, 2806) CSPCI), Ixl, 43)

2066 FORMRTCEFS. 3) -
WRITE<4, 30%0)

3a%40 FORMATC” INTERPOLATED PRESSURES” )
WRITEC4, 3060) CSPNENCT ), I=4, 43)

3eco FORMATC(6EF3, 3

, Subroutine EFFECT allows for estimation of the effective incidence of ]
% the aerofoil from the measured pressure distributions and is shown
% separately in Section AI.2. The main program then outputs the .
; results. .
} .

c : RUN COMPLETED ~ PRESSURE COEFFICIENTS NOW EVALURTED 1

CALL CALCS51 ; |
' CARLL EFFECT ]
i C OUTPUT RESULTS
;_ WRITE(4, 4060)>
- 4000 FORMATC DO YOU WANT OUTPUT? 1.=YES’) )
. READY4, 4010) IDEC ;
Lo 4010 FORMATCIZ)
Ei \ HRITEC 4, 2002 CIDATECI Y, 1=1, 2), RUN
i

T T Eeee—_— e e o

7S CONTINUE | .
, NRITEC4, 201@)SPRY
. 2010  FORMATC’ #, 8K, wokwon LIFT COEFFICIENT sobson’, 2,

| " SXJ’CL = 'tFiB. 4,7
: WRITECH4, 2020)>CD
2028  FORMAT(6EX, * wwawk DRAG COEFFICIENT ik’ , 2, BX, 2 CO=/,F10. 4, /)
~ RUN=RUN+0. 1 e
GOTO 99
STOP
END
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AI.2 BSubroutine RFFECT

- -
4

i This subroutine initially calculates the leading edge lift coefficient
' (as far as x/c = 0.5) from the exparimental results.

SUBROUTINE EFFECT

c TO FIND EFFECTIVE INCIDENCE OF MODEL
COMMON TCON4, TCON2, DYNP, SP50C4), SP(44), SPAY
COMMON X<44>, XNEWC44), SPNEW(44)
COMMON ZEROAL, ALPHR, CD !
DIMENSION THETR(44),CP(44) |
SUM=p. B
DO 100 [=33, 43 1
KFACT 2= (XNENCT >=XCT) )
SUM=SUM+XFRCT2#%¢SPNEWNCT ) +SPC L) ) /2. O

160 CONTINUE
CONTINUE
DO 4156 I=d1,414
KFACTHCHNEHCI)=XCT))
SUM=SUM+XFACTHCSPNEMCID+SFCI)) /2. @ .

150  CONTINUE .
DO 200 I=3%, 43 )
IimI+d !
IFCI. EQ. 42)G0TO 210 :
60TO 226

218  I1=1

220 CONTINUE
RFACTA=CXCI4)~XNEMCT) )

‘ SUM=SUM+KFACTL#(SPCILD +SPNEKRCE) /2. 0
[ 200 CONTINUE

DO 258 I=1,10
I1=1+1
KFACTA=CXC T )=X¥NEWCT Y )

SUM=SUM+XFRCTA#(SP(14)+SPNEWC]) ) /2. B
2560 CONTINUE

SPAV1=SUM/ 11, 712
CL=~SPAVL

CLi=CL.

NRITE<4, 1500>CL

|
1500 FORMATC CALCULATED LEADING EDGE CL =’,F6. 3> ! ‘

F U PRS- .. - -~

~

The experimental data im then plotted on a CAT display at the tunnel
console.

e eme n e e
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The operator inputs an estimated effective incidence and the program

iterateas around the overall theoretical 1lift coefficient (using the

Lel ORIGINAL PAGE IS
OF POOR QUALITY

CONTINUE

CRLL CLRPLT

CALL SCARLECO. 1, 24, -2, 80)

CALL PLINEC®@, 0, 24,0)

CALL PLINE<@, 1.0, -2)

PLOT EXPERIMENTAL DATA

DO SO0 =23, 42

CALL PLINECXCIY) SPCIY, XNEWCT Y, SPNEWCI)Y)

CALL PLINESHNEWCI), SPNEWCT), XCI+4), SPCI+1))
CONTINUE

DD 55 I=1, 22
CALL PLINECXCID, SPCIY, XNEWCI )Y, SPNEWCID)

CALL PLINECXNEWCI), SPNEWCI), X¢I+1), SPCI+1))
CONTINUE :

equations given in Section 3.1.1) until the theoretical and

experimental leading edge lift coefficients (0 < x/¢c < 0.5) are
tolerably close.

- 360

1800

2000
300

210
311

320

600

630

610

"HWRITECY, 1800)

FORMATC” INPUT ALPHA EST’)

READC4, 2000)ALPHA

FORMRT{FE. 3D

CONTINUE

DO 310 I=1,43
THETH<I>=HCOS((2.*X(I)/23.425)-1.)
IFCI.LT. 22>G0TQ zi@
THETACI)=2. %3, 14459~THETACI)

CONT I NUE

RLPHRA=ALPHA/S5?. 296

CONTINUE

DO 320 1=1, 42 ‘ :
DUMMY=CL /(2. %2, 144%0%1. 2)

GAMMA=AS INCDUMMY ) ~ALPHA
Topaz.4m<51N<THETn<1>>+srn<nLPHn+ennmn>>
Borzi.a4-a.9s*cos<2.amﬁLPHﬂ+2.a*rHETn<l>>
AUINF=TOP/BOT S
BRRKET=G.B4+(9.96*(SIN(HLPHR+THETRCI))*m2>>

CP<Id=1, ~AUINF*AUINF*BRAKET :
CONTINUE

TSUM=0. @

DO €00 =23, 42

XFACT=XCI+1)-%¢1)
TSUN=TSUM+XFACTHC(CPCIY4+CPCTI+1) ) /2. o
CONTINUE

DO 650 1=1,1-

KFACTeXCI+4)>- ¢TI

TSUM=TSUMEXF ICT#CCPCID4CPCI41) ) /2. @
CONT INUE

TCL=~TSUM/21. 742
IFCABSCTCL~CLA). LT. 0. @0045G0TO 610
CL=CL~C¢TCL-CL1) /2.

60TO 311

CONTINUE

- -

nr
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The theoretical pressure distribution is then
i

superimposed upon the
experimental results and the operator

evaluates the match visually.
A satisfactory incidence is transferred to the

main program upon
conclusion,

PLOT THEORY

o00n

DO 340 1=1,42
350 CONTINUE
Ci=CP(I>~ 05
C2=CP(I>+ 05
C3=X<CI>+, 25
C4=XlId-, 25 : .
CALL PLINE(C3»CP(I).C4;CP(I))

CALL PLINECXCI), C1, XCI), £2)
340 CONTINUE

NRITEC4, 110@)

% 1180  FORMAT(’ 0. K. =17)

; READ<4, 1200 I DEC

L 1200 FORMATCIZ) :
IFCIDEC. NE. 1)G0TO 24
ALPHA=ALPHA+*S?. 298

RETURN

: END

|
1
|
!
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APPENDIX II : HOT WIRE ANEMOMETRY
——— et s N ORE ANEMOMETRY

AIl.)

The temperature correction given in reference 44,

Derivation of a Hot Wire Ambient Temperature Correction
_________________________________JL_________________

equation 72 is,

2 2 n o
E = Eom + B(PU) " (1 - i ATm)

where

—TF—_JE = overheat ratio

and the subscripts are

w=yire
m = ambient fluid
mc = ambient fluid at calibration

then, & can be given by

“a ('I‘w - Tm)

X e

(Tw - Tmc) T

continued .....

ST

;
]
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(T -1T)
1-EAT-1_ W m .L
9 m (T, -7 } T
w me m

(T_ -1 )
L.HS =] -_0_ m

= me
(TW B Tmc)
= (Tw ) Tm) Tm
T (T, = T )
Tm
=g —.’_
(TW ) Tmc)
anT
= m
(TW - Tm) + (Tm - Tmc)
1
(Tw ‘ Tm) +(Tm - Tmc)
oT ER
) T
14+ —..“'_..-.._T_ﬂﬁ)_
aTm :
= —-—1_._
1+ 2
g

L ——

e el
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AII.2 Derivation of the Equations to Give U and V from an X=array

Hot Wire Probe

Assuning the coordinate system and conventions shown in figure 49,

and that Q. TePresents the effective cooling velocity on a wire,

then:
2 2
qper = (Usin®d - veos®)” + W
P
2 2
qalong = (UcosQ + vsin®)
assuming
. 2 _ 2 + a2 2
qeff qperp qalong
" where am=
.o = 0.2
Then,
2 2 2
Uars (Usin® - veos0)“ + W

to calibrate, i.e © = 90°

2 2 2 2 2
qoff = +«W +avVv

to detarmine a, i.e. O = Q°

2 2 2 2.2
ot {(=v)" + ¥ + a"v

2

wire direction sensitivity coefficient

+ az(Ucose + Vsin@)2

continued .....

- M

)

|
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For a conventional Cross wire probe, wire

1, © = 45¢°

2 2
2 U \ 2 2 U v
q -l = . Z + W +a = + = (1)
lffl (r? ﬁ-) (.[2— E)
and for wire 2, O = 138¢
2 2
Gre, < (20 X) e e 2(2 ) (1)
1 7T [z Z [z

Subtracting (ii) from (i)

2 2 2
Yote, - Jegg, = 2WW(a® - 1)

(dher, - e
qnffl ofr,

2(a® - 1)

UV =

adding (ii) and (1)

2
1

2 2 2 2 2 2 2 2
- + +
derr * Q £F U+ v W + a%y a

(AI12.1)

U

= (1 + a2) (U2 + Vz) + 2W2

substituting for v2 from (Ar1z.1)

2

~
+

2 2
qoffl + qoffz " +a

JERRY

A A e &
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. .
. |
. 2 :
o Multipiying through by 402(‘2 - 1) and collecting terms leaves,
L
br q2 + q2 ) (qz - qp 2 !
i 6 4 2 2W2 effl off2 o!fl effz
& =uv +v 7. " 2 * 2 2
; {(l+a™) (L + a%) 4(a” - 1)
% Therafore
k 2 2
] o Jerg, T ders, " : \
3 U = 2 .
Y 2(1 + a)
3 |
y 2 2 ‘
- 2 2 ( 2 2 7)
ot 20 - q + q q -gq
?5 L1 ffl eff2 ) effl eff
| - 2 (1+a (a - 12 i
I X
ik s
i Now, assuming there is only 1 real root and that i
| J
:. W << qeff ‘
;
] then the instantaneocus value of U given by qeffl and q°ff2' ia
.l.
é /qz . (qz . g )2 (qz - ¢
i ” - 1 effl ef£2 . effl e££2 i affl effz

/z j (1 + a?) (1 + a%)? @ - 1n?

Substitution of this result into (AIIZ.1) will yield a corresponding
value for V. j

Ratiibanti et gting o arhihe docall SH EMERAG)
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AlI.3 The Cross Wire Analys.s Computer Program

Due to the complexity of the squations dsrived in tha Previous
section, the analysis of the dual sensor hot wire signals was

f ' performed in two parts. Program XRUN sampled the signals, converted
them to floating point numbers and then wrote the
; run parameters, to files on a hard disc.
i was then used at a later time,

results, including
A second program, XSUMS,
to recall the data and perform the

o analysis and time averaging.

ATII.3.1 Program XRUN

Initially the program defines the various file names to hold the run

data and samples, and gathers the required mean and r.m.s.

i

| voltages
f and flow temperatures.

[

! E continued over

i il

RIS SRR PR 4

R |
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CTHIS IS A DUAL CHANNEL. SAMPLING PROGRAM
EXTERNAL XRUNGE ;

—

COMMON /BLNI/IHUF(ﬂIEO)vIﬂUFl(Slm)rIBUFI(Si?) ‘

COMMON ZBLK2/IREF » TOMF
COMMON ZBLLIKI/ICHANL » TCHANS
COMMON /BLKAZELC2%4) 1ER(2%6)

COMMON /CnIN/IRUNrIlleCLﬁﬂrXQCLAﬁrXIDTﬂﬁvXEDTAﬁr |

REALL X4 HTLC2) pdHTR¢2) y PROGNM ¢ )
REAL N1yN2

DATA HTL/6RIKIX1A, &R DAT/
DATA HT2/6RDKIX2A 4R nay/
DATA PROGNM/GRLKOXIUY RN AU/
CALL RCHAINCIFLAGY YRUN,&O)

vEO2»AZIN2YBIBMARY TCALLZ,

CALL PRINT(’ CROSS WIRE SAMPLING FROGRAM»*0) !

ICHAN1I=IGETCC)

IF(ICHANL LT, 0)STOP
IFCEFETCH(MTL)Y JNE, O S TOR
IF(IENTEH(ICHQNI!HTIvEO).LT.O)STUP
ICHAN=TGETE O

IFCICHANZ LT O)YSTOR
IFCIFETCHCHT2) W NE,O)STOR
IF(IENTER(ICHQNEvHTQ»QO).LT.O)STOP

LOGIOAL%L XIDTﬂA(lﬁ)vXICLﬁA(iﬂJrX?DTﬁﬂ(iS)vXZCLﬁﬁ(lﬂ) ﬁ
IFCIFLAG.LT.0)GOTO 10 K
IRUN=0Q

Il=0

DATA x1nTnn/'n','N'u'1',':'.'x','i','n'.'n':

X' 2Dy "Ry ’T y"0/

Xy D v Ay T 0/

DATA XICLQA/'D'v'K'v'l‘r’S’r'X'r'l'r'C‘r’A‘

DATA XQBTAA!'D’:'N’u‘1'r‘:’r'X'r’2':'D'r’A'r

*I.l,ftli,JAI'l'rl'DO/

DATA XQCLﬁA/’D'v’K'v'l’r’!’v'X’y‘E’v’C’r'ﬁ’v

Koy ’D Ay’ T 00/

: s
1000
1010
‘ "
- C
10

—— e

CALL PRINTC(’ HOT WIRE ANALYSIS PROGRAM »*0)
CALL PRINTC’ INFUT TOTAL NUMBER OF RUNS‘’»*0)
READ(?+1000)NTOTAL :

FORMAT (X 3)

‘BB i
|

‘A’s'B’y

’nf.'ﬁ"

ATy TA,

CALL PRINT¢ INPUT EO1yALyN1»SIGMALYTCALLL »"0)

REﬁD(?riOlO)EOIrnIvNivSIGMﬁivTCALl
FORMAT (S8, 3)

CALL PRINTC INPUT EOv A2y N2y SIGMAR» TCAL2 5 *0)

RH&H(?:1010)E0$vﬁ2r”2rSIGHA?!TCGLQ
CHAIN LOOF COMMENCES

LUN1=14

LUN2=15 .

11=11+1 - © e I e
IRUMN=TIRUNT1

CALL PRINT(’ INRUT RUN NUMBER’»*0)
READ(7,1000) IRUNI




, 1

E 150  ORIGINAL PAGE 18

f OF POOR QUALITY |
; N
| CALL FRINT(/ INPUT EMEANLIRNS1,T17,°0) , ]

- REALI 7) 1030 ) EMEANL » RMS ¥ T1 J

- 1030  FORMAT(3FO.4)

; CALL PRINT(’ IMPUT EMEAN2/RMS2,T2¢9°0)

: READH( 7y 1030 ) EMEAND » RMS2 y T2

[ LUNZmAD

: LUM4"Y3

; CALL ABSIGN(LUND r X1CLAA)

z CALL ASSIGN (LUNZIXIDTAA)

% CALL ASHIGN (LUNZ,X2CLAAD

CALL ASSTONCLUNA X20TAN)

L "l B

TREC ] =1
] IRECH~1

. DEFINE FILE LUNL(Z, 254y IRECL)
N DEFINE FILE LUN2(20,512,Uy IRECD)

3 DEFINE FTLE LUNICX, 206Uy IRECS)

3 DEFINE FILE LUNA(R0+512/yUy IRECAH)

3 WRITE(Zy6000)XI0LAAYX2CLAA

v 4000 FORMATC(? 7 10A1 25X L5AL) :

b WRITE(Zy&190)E0L AL/ NLySTGMAL» TCALL» IRUNL sEMITANT » .

: XRMS1»TLNTOTAL

: c6190 FORMAT(SFG 22 Y3236 2+ T4) - '
' URTITE CALIBRATION CONSTANTS TO FILES X1CLEX, X20L%%

-

| ) WRETE (LUNL /1 YE0Ly ALy N1, STGMAT, TCALL y IRUNL y EMIANT o
;! ¥RMS19T1 P NTQTAL
- WRITECLUNS 1)EO25AZy M2y STEMAZ v TEALZ Y TRUNT » EMEANZ »

E ARMS2y T2y NTOTAL

E

- The program samples the input signals upon a carriage return by the
? operator. The completion routine XRUNSB writes the samples to the
i

previcusly defined data files.

.
FAUSE *17PE <CR> TO SAMPLE DATA |
o !
c SAMPLE DATA : e '
¢ )
ICME =0 !
CnlL RTS(IBUF!SI?O!1072560!0:2!1vﬂrICMF!IBEFrzsérXRUNSBf '
ICHF1=0 ; . a
CALL SETRCI8+12%,0 TCHEL) !

CALL PRINTC’ WAITING RTE’+*0)
CALL LWATIT(ICME Y Q)
CALL. SETRC~1yyy)

CALL PRINTC’ FINISHED SAMPLING?»°0)

[TUTRR R LS
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! The samples are recalled from the files and converted to floating
| point numbers,
T 0 100 J~1+10
K k2
INCODE=TREADWCSLZy TRUF 11y TCHANL )
INCODE=TREADW DL TRUF2 Ky TEHANDD
[0 110 M=1a204
EL (M= (FLTIACIRUNL (MY ) -1 22 k2.8/7512.
E2AMY=PLTIS(IRBUF2C(M) Y- 542 02, 5/7012,
110 CONTINUIE
WIRTTE CLUNZ  DEL
WRYTE(LUR4 002
100 CONTINUL
CaLL FRINTC(S DATA WRITTEN TO FILES’»*0)

Upon, ccmpletion, the files are closed. The names of the data files
are updated (this provides each run with a dedicated series of file
uames) and the program chains back to itself to begin a new sample

oy v

' point.

e i Caeame e ]




20

120

20

40

The completion routine XRUNSB is called every time 1 buffe. of data
{256 samples per wire) is collected by the CALL RTS instruction.
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Call CLOSETLLUND)

AL CLOGE CLUND

Cakl. CLOGEACLUNSD

Call. CLOSLE CLUNA)Y
IFCTL . EQ.2QE00TQ 20

aaro 2o

DO 1220 =120
X1LODTAACLO) =X IDTAACLIO) -1
X1CLAACL0) =X CLAACLO) = )
XIONTAACLO) =X20TAACL1O)Y -1
X2CLNAANCLO) =X20CLAACLO) - "1
CONTINUE
XIDTAAC? ) =X10TAA(D) 4" 3
X1CLAA(D) =X10I.AA( )4 )
X2NTAA(PI=XBOTAA(Y S b0 1L
X2CLAA(Y ) =X20LAACYI L1
1120

Goro 40
XIDTAACL0)=X1DTAACLOY 4 )
X1CLAAC10)=X10LAACI0) ")
X2NTAACLO) =X2NTAACLION L L
XLACLAACL10)=X20CI.AALLIO) 4]
CALL TDELETCICHANL HTL )
CaALL TIELET(ICHANZ s HT2)
CALL CLOSEC(ICHANL)

CALL CLOSED (IOHANR)

CALL IFREEC(ICHANL)

Call. IFREFC(ICHAMNR)
IRECL=1

IREC2=1

TRECE=1

TRECA==]
IFCIRUMLEQLNTOTALYSTOR “THATS oLl FOLKSILY Y
CALL CHAIMCPROGNMy IRUN) 60)
sTOR

END

vy

N

| o

s 2
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] . :
] c KRUNSEFOR WITH XRUN, BAV ;

SUBROUTING XRUNGE

COMMON ZLLK1/ZTBUF CHL200 y TEUIFLOS12) » TRUF2(NL12) ' !
f COMMOM /0LK2/10EF y TOMF 5 i
; COMMON ZBLK3/TCHANL » TCHANZ

DATA ICALL/O/

TealtwICALLYL
: 0 100 Iwl2Ud ‘
% Ma258% CICALL~1 ) HCTR2 1)
h IBUFL (T =TRUM (M)

IBUFZ2CT) =TRUF (ML)
; 100 CONTINLE 1
: InUM=TCALLKR- 1 .
: TNCORE=TWRTTWCS L2y TR Ly TOUM TCHAND) :
i INCORE=TWRI TW SISy TRUEZ TRUMy TOHANDD
3 IREF=TREF) .
r RETURHK ﬂ
% ; END
SN g
e ‘!.
I AII.3.2 Program XSUMS Y
: {
! This program performs the analysis of the results stored by program !
. j
¢ XRUN. {
% [
;f
i Initially the data files created by XRUN are redefined and made
‘ accessible. The run constants are read in and the various required ;
: parameters calculated. The accumulators are all set to zaro. !
_%
E i
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c XELUME FOR NJW rds
i CROBE WIRE ANALYLIE
CDHHQN/ULNI/NTﬂTﬁLinvI?vﬂlﬂﬁﬂﬁrKlﬂﬁhﬁaX2DﬁﬂﬁlX2CﬁAA
COMMONZIL I/ CREAH) w2 (NG UL (2NA )y UR (218
COMMON/FLT/ZULIMEAN dLI2MEAM e THLAG K
REALXA NLRUN N2RLUIM
REALFD EGML 1B ESMLRG
REAL ML M2
REALLYEA FROBNM(2)
DATA PROGMNM/ORIMOXELU » SRMO B8AV/
CALL RCHAINCIFLAGYNTOTAL &) -
IFCIFLADLLT.QXYGOTO 10
LOGICALKL X1DAAACIE) »XI1UAAACLE) » X2DAAACILYN) v X2CAAACLS)
DATA X10AAA/Z L s "K'/ 1 v/ ' X' L' 3 "B s "B 5’47,
B u/ 'y 'B’T? %0/ :
DATA X1CAAA/ D "R 1 v /0’51302 ’A" "R 71,
Ko s 'Dy ATy O/
DATH X2DAAAZ D R /L w8 e X '2s'B' v Oy "B’
K20 2’A»*' T "0/
DATA XRCAAA/ D 'K v 10?3 X '25'C3’Ar "B A%
L SR RS (LR R R LY o'y .
CALL FRINTC? DaTA RECALL PROGRAM »*0)
T1=Q '
12=0
10 Ti1=X141
I2=)1241
LUML=14
LUNZ2=1%
LUMZ:=12
LUNA=13F
Cal.L ASSYGNCOLUNL X1CoHAN)
Call ASSIGNUUNZ XI10A00)
CALL ALSTONCLUNS X20AN48)
CALL ASSIONCILUNA X20AAN)
DEFINE FILE LUNLCL»258:U IRECERL)
DEFINGE FILE LUN2(0y51250, FRESD)
OEFINE FILE LUNACL 258Uy TRIESE)
DEFINE FLLE LUNAC2OS120 U IREEA)Y .
READCLUNLI1EOLvALyNL s STGHATL » TCALL » IRUNIL »EMEANL » RMG1» T2 o NTOTAL
. READCLUNS 1IEO2 v ARy N2y SIGMAZ» TCALD y IRUNT y EMEANZ » RMG2» T2 NTOTAL
G SET UP CONSTANTS B T T e e iR
TCALL=TCALL+273,
TOCAL2:=TCAL24 273,
N1RUN=1, /N3
N2RUN=1 , /N2
EQIRUM=EQ L k¥
EO2RUN=EQR k%D
TLaTL4277,
T2=T24273,
EPSLNI=(TI--TCALL)Y ZTEAL Y
EPSLN2=CT2-TOALZ) ZTOALD
CORRI=1, /701 W HEPSLNLZGTOMADL)Y
CORR2=1, /(1 ,4EFGLN2/STOMAD)
ALRUN:=ALXCORRKL
AZRUN=AZRCORRZ

- R =

e st
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E1AV=0,
E2AV=0.,
E1FRS=0,
E2FRE=0,
E12FR=0,
ULIMEAN=0,
UZMEAN=O
URMS 1 =0,
URMG2:=0,
U12=0, ‘

The mean and r.m.s. values of the input signals are calculated and 3
then used to obtain the attenuation due to the unknown input
amplifier gain.

€T T START Calcs
Do 100 A=ile10
REALCILUNZ2Y D (BT
READCLUNA Y CER2¢X
IO 110 M=1,256
E1LAV=E1AV+EL (M)
. E2AV=ER20VHE2 (M)
Lo ELFRE=EIPRGIEL (MYXEL (M)
o EQPRB=E2PREEED (M) RER (1)

110 CONTINUE
WRITECLUNZ D) CE1(T )y Il p 2580
URITECLUNA DI CE2(E ) » X1 25¢)

100 CONTINUE
EIPRS=EARG /2560,
E2PRS=EQPRE/ 2540,
E1aV=E1a0/25460,

EQaV=ER2AaV /25460,
E1PRE=GOART(E1PRE~ (E1AVEELIAV ) )
E2FRG=8ART (E2FPRS- (E2AVEE24Y) )
ATTEML=RMS1 /ELPRS
ATTENZ=RMG2/7ERFRS

Yl
Yy Iis

1
I:s

L
¥l
)

The attenuations are used to scale the samples and the eguztions
derived in AII.2 can be used tu obtain U, V.
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DO 120 J=1y 10

REﬁD(LUN"J)(Fl(I) Tt 206D

READCILUNA D) (E2CT )y Y=L 2 208)

DO 130 M=1,256

EL1(M)=(EL(M)-ELAVIXATTENL

E2(M)Y=(E2(M)-E20V)XATTENZ

E&HLl I=EXF (NIRUNKAL DG C CCEMEANZHFEL (MY YX¥2-E01RUN) ZA1RUN) )
SML2G=EXP (INZRUNKALOG ¢ ¢ (EMEANR2HFE2 (M) Y2 2~E02RUN)Y ZA2RUN) )

Fi”PH"EIJIRF(II(M)*I“(H))

ESML15=ESHIL1SXESMI_1 S

ESML2S=ESMI 26X ESMIL 26

EF=(ESHLISHESML28) /1,04

EM=(ESMIL1S-ESMI_25) /0. 94

Ui (M)= (qﬂﬁf(LPl”QhT(ﬁBq(Fl**”“LM*EM))))/1.414“
U2(M)=EM/ (2, kU1 (M)

UIMEAM=ULMEANFUL (M)

U2MIZAN=U2MEANFUR2 (M)

130 CONTINUE
WRITECLUNZ I (UL (T) » I21 ¢ 256)
WRITECLUNA D) (U2CT) » X1y 204)

120 CONTINUE
VIMEAN=ULMEAN/ 2540,
UZMEAN=UZMEAN/2540 .
E12PFR=C12FR/2540.

From the data, ncw stored as instantanecus U and V components, the

regquired turbulence parameters u'z, v'z, u'v' can be calculated.

DO 140 J=1410
REATCLUNZ (UL CT) » 01 254)
READCLUNA 2 D) (URCT ) o T L 254)
DO 150 M=1,256
ULPR:=UL (M) ~UTHEAN
UZPR=U2 (M) ~U2IMEAN
URME L =URMSLFUIPRRULFR
URME2:=URMDZHURPRRUZPR
UL2=U1 2L PRRUZPR

150 CONTINUE

149 COMTINUE
URMS L =8QRT (URMS1/2540.)
URMS2=BQRT (URME2/2560,)
U12=U12/25460,

SRR ST .= S-S
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The results are output; the data files closed and the file names are
updated ready to find the next set of stored data.

IFC(IFLLAG.LT.OXBDTO 20
URITE(?yIOOOJEOIUQIvNIvSIGNAlvTCﬁleEOQvﬁQvNE
WRITE(Z»1100)

CONTINUE

URITE(?:lEOOJIWUNlleMEﬁNyUQMEﬁNrURMSirURNSEvUIE:Ei?PR

CALL CLOSE CLUMNL)Y

Catl. CLOSE (LUND2)

Call. CLOSBECLUNT

Call CLOSE (LUN4)

IF(I2,EQ.28)007T0 30

coTro 40

oo 50 J=1,25

XIDAAACLO) =X1Lanadlioy-"1

X1CAAA(10) =X10AM8C0) "1

X2DAAACLO Y =X20AAACLO) "1

X20AAACL0)Y=X20HMA¢10) -]

CONTINUE

X10AANP ) =X IDAAG P+ 1

XICAAA (T =X1CANAL Y L1

R2DAAACY Y= X200 (94"

20088 () =X2CH00(9) "]

1220

GOTo &0

XIDAAACL10) = X1 08MA010) 11

X1CAAACLO)Y=X10ANACLION 41

X2AAA (10 =X20AA8 10 vy

X2CAM {10 =X20888010) 41

IFCLL EQ.NTOTALY8TOR

CALL CHAINPROGNMyNTOTAL »&H0)

FORMAT (/¢ 10Xy il » BXy “DIGTITAL HOT WIRE ANALYSISG » 03Xy
KOKIKIN /2GRy PINFUT CALIBRATION CONDITIONS FOR WIRIZ 175/
ASXy TZERO VOLTS v 15X PS5, 30/

XBY o INTERCEPT w 1AXvFS .30/
AKGXr  SLOPE y 20X9 5,30 /7y
FIN TOVERHEAT RATIO v 13X FS.30 /0
A5 "CALTRRATION TEMPERATURE  y2XeFéot v/,
¥5X0 CINPUT CALIERATION CONDRITIONS FOR WIRE 27+/»
EOX TZERD VOLTS v 15XsFS. 20/
KX 2 INTERCEFT v 16X F%.30 /7y
XX ‘SLOPE y 20X 503/
XOXy ‘OVERHEAT RATIO  v11XeFS.35/y
WXy ‘CALIRRATION TEMPERATURE s 2X0Fdoels/y)

FORMATC//Z9 16X 2 RX%XE »BX )y CROSES WIRE ANALYSBIG
*113Xr’*****'r/5X|’RUN':SX!'UiﬂEAN'uEXf’UQNHﬁN’
Xe3Xy "URMEL * o 5X» *URMES2’ » A%y *ULR2’ v SX PE1DPR? , /)

»SIGHAD, TCag -

FDRHﬁT(ﬁXrI3v3XnFﬁ.2r3X:F8.2v5X:F3.5»5XrFB.ﬁnZXrFB.SrEXrFG.S)

gror
CND

e e e

-ud
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AlI.4 The Split Film Analysis Program

SR T WO T T T TR T
-

- The split film analysis program (TSIRUN) is essentially very similar
: to XRUN, XSUMS except that the two functions are combined. The
% proyram does not areate stored data files l.ut processes each batch as
F it is taken.
E The program initialises the split film constants and defines a
f temporary data storage file. The run constants are input (El, E;,
b ¥e"2 .%;;'2 ) and the program then waits to start sampling.
. {
"
i T COMMOM /BLK1/ZIRUF (5120)
é DIMEMNSTION FRIGOS) »IDIGLCS) y NUMS) ‘
: DIMENSION EL1{(2540)+ER(REL0)
; REAL NLyN2yNIRUNy N2RUN Ny NUM * .
- WRITIZ(7+1000) . s
' READ(CZ 20000 E01 yEOQOR2 . ;
.” 01'141 v 77 ) \
i N1=0,306
; SIGHAL=.S
i j A=, 8054

N2=,0048

BIGMAY=, G

SED ]

NTOTAL =1

LUN=3

, CALL ASUTOGMOLUNy *UKLISPLITIWRAT)

? DEFINE FILE LUNCS00y 20Uy IREC)

10 CONTINUE

: WRITE(7+1100) X

READCTy 2100 EMEANL y RMG1 » EMEAN2 » RMB2
WRITEC(7+3000)

3000 FORMATCY I8 INPUT QWK 1=YES’)
REAXN(Z»3100) YSWEH

3100 FORMAT(IR)
IFCISWEHWNE.DGEO0TO 10
PAUSE TYPE SCR> TO SAMPLIE’

R
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. The signals are sampled and converted to floating point numbers.

ICMF=0

CALL  RTHCIEUF +S120¢ 19258050+ 20 1 v 2+ YCHF 2 IREF» 2540y )

ICHMF1=0

CALL SETRCIy8125.,0¢TCMF1) ,

Call LWAITCIEMv0)

CALLL SETRC(~1yp»)

00 100 I:=1y2%40

M=Xk2-1

ELCD) =(FLTLACIBUF MY )51 2,00%2,5

E2CT)={FLT1HCIEUF (M+1) )5 1 A2, "fS]
100 CONTINUWIZ

The attenuation of the input signals is calculated.

NLIRUN:=1 . /M
EO12=CHOLKF2 YRR CECDN, §0 ) ik
E1AV=0,
E2AU=0,
E1FRS=0,
E2PRG=0,
B0 200 M=1,2560
E1AV=ELAVHEL ()
E2AV=EQAVHED (M)
EIPP"-EIPR$+E1(M)*E1(M)
E2PREE2FREHER (M) XED (M)

200 CONTINUE
R=2540,
E1PRG=I11PRE/S
ERPRS=EQFRS /S
E1AV=E1AY/6
E20V=E2AY/S
ELPRG=SART CELPRE- (E1AVRELAY) )
E2PREASART (E2PRE-E2AVREDAY )
ATTEN1=RMS1/E1FRS

. ATTEN2=RMB2/E2FRS
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The input data is scaled by the attenuation and the values for v, v

are calculated. 5

N0 300 M=l 2660
E3(M)=(EL (M) -ELAVIKATTENL
E2(M) = (E2(M)~E2AV) XKATTEN2
300  CONTINUE
N0 400 M=1y 2560
E160= CEMEANLHEL (M) ) ¥k2
E260= (EMEANZHER (1) ) %k 2
UN= (¢ (E180HERSQ-E012) /A3 ) KENLRUN |
E2CM) = (E1SQ-ERS0) 7/ (AZX (LINN¥ (N2-14 1)) y
| E1 (M) =GORT (UNRK2-E2 (I RRD) 1
400  CONTINUE -
UAV=0 . 0
VAY=0, 0 | |
N0 500 M=1y2560 i
UAV=UAVHEL (M) .
VAV=YAVHER (M) .
500  CONTINUE t
UAV=UAY/S
VAY=UAY/S

The velccity fluctuations are determined and u'2, v'2 and u'v' simply
obtained.

LP=0,.0
UP::"O + 0
UV=0,0
I 600 Li=1,2540
UL=E1 (M) ~UAY ‘
Y1=E2 (M) -VAY |
Ul U L%
VP Lk |
UY=LV FUL %V

500 CONTINUE .
UPR=SURT (UF/5) .
VER=SORT (VP /8)
UVPR=UV/S
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? ; . The value of the traversing gear counter is obtained to give the
, ot radial location of the measurement point.
y I0IG(1)="20
-. INIG(2)="40
? IDIG(3Y="40

INIGC4)Y="100

INIGCES)="120

Izl

1 IN*IDIR(ir'160014r'1?7:1'IUﬁR)

' I?OWIDQR(lr'70v'177777vINrIUﬁR)

JOIGLCX)=INTRCL) " 70y 1460, 1 s TVAITY
- - IFCIGIGICT) WNELIDTGCI) YGOTO 1
- IN=IDIRCL 160024, %177, 1y TVAR)
I72=X00R(1 * 722y 17277775 TNy TVAFRD
IDXGLCIY=IOIRCLy * 225 * 1600 1 s TVAR)
IFCIDIGLCI) WNELINTG (I )GOTO 2
IN=IDTRCL» " 160014, %177, 1, TUAR) .
. Y74=T00RC1r 24y *1277775 TNy TYAR)
IDIGICO=TIMIRCL s * 74y " 140, 1y TVAR)
. IFCIDIGLCYY JHELERIGCT)IGOTO 1
INUM=XDIR(Lr " 7201714 IVAR)
. NUM D) =FILGAT CINUMD
MUMCT =15, -NUM(I)
I=I+1
IFCLEa.660T0 2
GOTO 1
2 conrxnue .
Nmnumc1)+10.$NUM<2)+100.*NUM(3)+1000.*NUM(4)
N=N4+ 1 0000XNUM(S) '

The results are output and written to the temporary storage file and

the program loops to enable the next probe pogition to be sampled.




162 ORIGINAL PAGE IS
OF POOR QUALITY

URITE(?v1300)UAU;UWNvUAUnUFRvUUPRrNTDTAL:N . .
NTOTAL=NTOTAL41 .
WRITE(7,1200)

READR(7y2200) IDEC
IFCIDEC.EQ.2)B0TO 30
IFCIDEC.EQ.0)BOTO 20

? NRITE(LUN'J)UﬁVrUPRrvﬁUrVFRrUUPRrJlN
:. J’=\.’+1
20 CONTINUE
GOTO 10

1000 FORMATC(”  SPLIT FILM SAMPLING AND FROCESSING PROGRAM’ ,/
¥y INPUT E014E02%)
2000 FORMAT(2FE, 4)
} 1100 FORMAT (2 INPUT EMIZ&GNL » RMNS1 Yy EMEANL yRMS27)
: ' 2100 FORMAT CAFG, 4}
1200 FORMAT(’ 0O YOU WANT THESE
2200 FORMATC(I2)

e il

RESULTS 1=YES,0=ND 2=EXIT AND WRITE’)

L 1300 FURMATtsx.'UBAR:',FQ.Q.QX,'UPRIMEa'.FB.a,zx,'unﬁﬂ='. .
o ¥FB3v2X0 "UPRIHE= 018 B0 /v S5X v U=’ pF B, X r 2X s *RUN I3 2% POB= L, “
o ¥Fé.0v/)
S 30 WRITE (LUN’ D UAV UFR » VAV y VPR y UVERy o N .
S U=0.,122 :
S J=1 q
S WRITE(LUN’ .U . 3
E l CALL CLOSE(3) - 1
= sToR : *
- ENI1
% : Subroutine TSISBl is a completion routine called by the CALL RTS j
routine upon completion of the sampling.
_ |
| (5 TEIGRL WITH TSIRUN.SAY NOV 76
. SUBROUTING TSIGE] ;

| Y COMMON /RILK1/IRUF (5120) J
: . COMMON /ELK2/IREF ) TOMF , TCHANT

. INCODE=TURITW(10240, TRUF, 1y ICHANT ) i
; IREF=IREF b, f
g RETURN | ! i
, . END 1
| |




TABLE 1 ‘
. BASIC DATA SLOT HEIGHT = ,021"
’ Cu = 0.0065 g = 15° Ypsg " -0250" U, = 31.9 ms!
y(in) U/Va Y/Ym/z '/1.:.1-“"'2/U‘ID v/u, ‘/52/‘1-» v m?s”| (p = ,Pa)
- -587 WALL | #
0.009 | 1.703 0.36 ~0,035 -647 ,
0.012 | 1.712 0.48 -0.011 ‘
0.014 | 1.674 0.56 0.012 y=0.016 ; 1
0.017 1.600 0.68 0.027 -424 ;
_4 0.020 | 1.532 0.80 0.038
‘ 0.022 1.450 0.88 0.033 35
0.029 | 1.259 1.16 0.023 213
0.036 | 1.030 1.44 | 0.049 | -0.014 | 0.023 0.267 173
0.049 | 0.737 1.96 | 0.036 | -0.100 | 0.016 0.072 | -124
- _ 0.062 | 0.709 2.48 | 0.037 | -0.122 | 0.011 | -0.154 | -265
L 0.076 | 0.731 3.04 {0.039 | -0.131 |o.010 | -0.182 | -286 |
: 5 0.089 | 0.751 3.5 [0.038 | -0.133 [ o.011 | -0.199 | -290 '
% . 0.102 0.776 4.08 | 0.038 -0.136 | 0.011 -0.166 ~273
‘ 0.116 | 0.803 4.64 |0.037 | -0.134 [ 0.002 | -0.205 | -270
0.129 | 0.823 5.16 |0.037 | -0.133 | 0.012 | -0.159 | -268
0.142 | 0.845 5.68 |0.038 | -0.135 |o0.011 | -0.180 | -264
- 0.209 | 0.942 8.36 |0.033 | -0.125 | 0.002 | -0.165 | -234
0.276 | 1.005 11.04 [0.027 | -0.118 | 0.011 | -0.154 | -220
0.342 | 1.028 13.68 |[0.m8 | -0.105 | 0.010 | -0.099
=
= 1.,
E




TABLE 2

e BASIC DATA A“I*ﬂ!.ﬂlzﬂlz.=..9211" .
Cy = 0.0065 8 e 25° Yp/z ™ ©.0317" | U_ w 31,0 ma”}

vam | 8o, vty | | S, [0, Eviwie -
-2

% -507 | WALL |

0.009 | 1.303 | o.284 -0.006 -536

0.012 | 1.318 | 0.379 0.007

0.014 | 1.306 | o.442 0.017 y=0.016

g 0.017 | 1,290 | o.536 0.024 -371

b 0.020 | 1.275 | o0.631 0.030 \
0.022 | 1.237 | 0.694 0.030 -275 |
i 0.029 1.171 | 0.915 0.035 -159

} 0.036 | 1.665 | 1.136 | 0.039 | 0.030 | 0.021 | 0.356 | -90 , i
v ©.049 ] o0.818 | 1.546 | 0.044 | 0.003 | c.018 | 0.261 | -8

o 0.062 | 0.692 | 1,956 [ 0.041 |-0.011 | 0.016 | 0.145 | -62 o1
2 0.076 | 0.619 | 2.366 | 0.044 |-0.032 | 0.013 |-0.002 | -129 R
tg E ©.089 | 0.623 | 2.808 | 0.045 [-0.041 | 0.010 |-0.147 -163 S
- 0.102 | 0.639 | 3.218 | 0.047 |-0.035 | 0.0l0 [-0.089 | -178 .
0.116 | 0.671 | 3.659 | 0.047 [-0.031 | 0.011 [-0.079 | -192 ;
S 0.129 | 0.682 | 4.069 | 0.046 |-0.025 | 0.011 [-0.073 -185 !
;_ 0.142 | 0.704 | 4.479 ! 0.044 [-0.019 | 0.011 |-0.137 -177

? 0.209 | 0.815 | 6.593 | 0.040 | 0.010 | 0.012 |-0.119 -165

' 0.276 | 0.901 | B.706 | 0.037 | 0.035 | o.013 |-0.209 -131

0.342 0.238 [l10.789 0.027 0.055 0.012 |-0.195




TABLE 3
L Cu = 0,0065 8 = 30° - 0,0349" - ; "1 =
. . Yn/2 . U, ® 31,9 ms
! . i
Lo yiam | G, vy o |2 | Wy, (AT, Tvin2e | (p - p,) ;
Dol | |
0.008 | 1.076 | 0.258 ~0,044 |
0.012 | 1.103 | 0.3244 -0.027 |
0.014 | 1.117 | o.401 -0.009
o.017 | 1.117 | o0.487 -0.003
0.020 | 1.110 | 0.573 0.009 |
0.022 | 1.103 | 0.630 0.009
0.029 | 1.056 | 0.831 0.015 ’!
0.03 |0.998 | 1.032 [o0.041 | o0.020 |o0.020 | 0.338 '-
; 0.049 | 0.856 | 1.404 |o0.041 | 0.024 | 0.022 | 0.322
0.062 | 0.716 [ 1.777 [0.043 | 0.007 | 0.020 | 0.301 | ‘
. 0.0% | 0.590 | 2.178 |o0.040 [-0.006 | 0.018 | 0.033 |
g . 0.089 0.549 2.550 0.044 [-0.018 0.011 |[-0.034 &
b 0.102 | 0.551 | 2,923 |o.045 {-0.020 | o0.012 |-0.096 X
b 0.116 0.574 3.324 0.045 |-0.014 0.010 |-0.056 1
0.129 | 0.586 | 3.696 | 0.046 ]-0.006 | 0.010 |-0.072 1
0.142 | 0.618 | 4.069 | 0.047 0 0.011 |-0.062 i

0.276 0.815 7.908 0.041 0.068 0.014 -0.150
0. 342 ©.871 9.799 0.034 0.100 0.015 -0.250

- im————e - PR JRP—— - I — ——




K. i
; ’ ; 4
TABLE 4
__BABIC DATA =021 .
; Cu = 0,0065 o = 35° Yn/z = 00413 | U = 31,9 pg”!
- - m————
: yun | Gru, v/ A, | Gv, |, Bvimis | p - :.)
=337 | war | ;
0.0 | 0.792 | o.218 -0.071 -544 !
0.012 | 0.847 | 0.291 -0.049
0.014 | 0.889 | 0.339 ~0.020 y=0.016 !
0.017 | 1.012 | 0.412 -0.002 -634 ’i
_J 0.020 | 1.028 | 0.484 0.007 ’
0.022 | 0.996 | 0.533 0.012 -531 1
0.029 | 0.973 | 0.702 0.031 ~375 |
0.036 | 0.945 |o0.872 |0.037 | 0.045 | 0.023 | 0.565 -157
j 0.049 |o0.852 |1.186 |o0.038 | o0.052 ]o.028 | 0.420 7 i
' 0.062 | 0.759 | 1.501 |0.037 | o0.051 |o0.028 | o.589 218 . j
E 0,076 | 0.62¢ |1.840 |o0.041 | 0.044 |o0.031 | 0.77¢ 338 q
0.089 | 0,527 | 2.155 |o0.038 |o0.032 |o0.027 | 0..93 359 . 3
E 0.102 |o0.469 | 2.470 |0.037 |o0.022 |o0.021 | 0.220 290 L
g 0,116 |o0.451 |2.809 |o0.044 |o0.012 [o0.015 | 0.09 250 :
B 0.129 | 0.444 | 3.123 |o0.046 | o0.016 | o0.015 | o.193 157 }
j 0.142 |o0.465 |3.438 [o0.052 |o.023 |o.013 |o0.13: 101 |
% 0.209 |0.574 |5.061 {0.053 |o0.07% |o.014 | o0.151 -144 !
0.276 | 0.705 16.683 |0.038 | o0.116 |o0.014 [~0.256 -162 ]
0.3¢2 |o.771 |e.281 [o0.029 |0.153 |o0.013 |-o0.308 !
i
= :
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TABLE 5
~—BARIC DATA = "
Cu » 0.0139 8 = 15° Ynjz = ©:0274" | U_ = 31.9 ms"}
yim | Yigse |8 200, | Wru, i WW(mzt"’q (p ~p,)

~2

-1127 uu,);,_]

0.009 | 2.351 | 0,328 -0.066 -1560
0.012 | 2.310 | 0.438 -0.031
0.014 | 2.232 | o0.511 0
0.007 | 2,166 | 0.620 0.031
0.020 | 2.103 | 0.730 0.053
0.022 | 1,994 | o.803 0.053
0.029 | 1.724 | 1.058 0.044 199
0.03 | 1.392 | 1.314 | o0.054 o 0.027 | o0.587 125
0.049 | 0.969 | 1.788 | 0.035 |-0.116 | 0.014 | o0.168 -268
0.062 | 0.93¢ | 2.263 | 0.031 [-0.147 | 0.011 |-0.103 595
©.076 | 0.959 | 2.774 | 0.030 |-0.154 | 0.012 |-0.102 -610
0.089 | 0.987 | 3.248 | 0.031 |-0.154 | 0.011 |-0.089 -599
0.102 | 1.009 | 3.723 | 0.028 |-0.160 | 0.016 |-0.05s -591
0.116 | 1.031 | 4.23¢4 | 0.030 |-0.157 | o0.011 | -0.101 -595
©.129 | 1.050 | 4.708 | 0.030 [-0.160 ] o.o11 |-0.089 -573
©.142 [ 1.066 | 5.182 | 0.028 [-0.157 | 0.012 |-0.0m -556
0.209 | 1.129 | 7.628 [ 0.025 |-0.154 | 0.009 | -0.089 -515
©.27€ | 1.185 |10.073 | 0.017 |-0.15¢ | 0.008 |-0.055 461

e e ittt et




, TABLE 6
E Cu = 0,0139 o = 25° Ypsa ™ ©:0376" | U, ® 31,9 ms™} |
3 - - . — -
) yin | U/, |y, A, Vo, AT, Wvies|p - P
| Mo,
; | -1067 | WALL | :
,V 0.009 | 1.878 | 0.239 0.009 -1123 '“
f o.016 | 1.862 | 0.426 0,047 -873
, 0.022 | 1.771 | o.s85 0.053 -612
» 0.029 | 1.661 | 0.771 0.053 -361
i 0.03 | 1.549 | 0.957 | 0.046 | 0.050 | 0.029 | 0.657 | -23:1
0.042 1.354 1,117 | 0.049 0.031 | 0,027 0.618 -177 \
f 0.049 | 1.179 | 1.303 | 0.049 | 0.013 | 0.026 | 0.586 ~134 '
; ©.062 0.987 1.649 0.040 | -0.031 0.020 0.317 -264 :
0.076 | 0.934 | 2.021 | 0.037 [-0.060 | 0.012 |-0.087 ~471 u
? 0.089 | 0.972 | 2.367 | 0.037 |-0.075 | 0.011 |-0.094 -495 o
0.202 | 0.975 | 2.713 | 0.036 }|-c.072 | 0.011 |-0.021 ~500 L
E | 0.116 | 1.000 | 3.085 | 0.038 |-0.066 | o.011 {-0.040 | -s05 It
E : 0.120 | 1.006 | 3.431 | 0.037 |-c.066 | 0.01. {-0.003 | -ag2 |
‘ 0.142 | 1.022 | 3.777 | 0.0 [-0.056 | v.otr l-oc.c€2 | 455 ;
i 0.209 | 1.075 |} 5.559 | 0,03l |-0.03¢ | 0.011 |-0.105 -400 i
‘ 0.276 | 1,097 | 7.340 | 0.023 |-0.026 | o.m1¢ |-0.037 -335 H
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0,342 0.944

7.081 0.028

0.1l00 ©.012

TABLE 7
——BARIC_DATA ALOT HEIGHT = 021"
Cu = 0,0139 o = 35° Y2 = 0-0483" | U_ = 31.9 ne”
v | S, sy, [ | S, AT BV - py)
g2
-847
0.009 | 1.555 | o.186 -0,044 -743
o.016 | 1.621 | 0.331 -0.013 -709
0.022 | 1.611 | 0.455 0.003 -572
0.029 | 1.561 | o.600 0.009 -385
0,03 | 1.483 | 0.745 | 0.05¢ | 0.016 | o0.031 | 0.9m | -223
0.042 | 1.389 | 0.870 | 0.052 | 0.019 | o0.031 | 0.871 | -108
0.049 [1.770 | 1.014 |oc.052 | 0.016 | o0.030 | 0.842 | -35
0.062 | 1.088 | 1.284 {0.053 | c.013 | 0.029 | 0.790 56
0.07% |[0.897 | 1.573 | o0.046 [-0.006 | o0.023 | 0.c03 | 57
0.089 {0.796 | 1.843 ] 0.04¢ [-0.019 | 0.019 | o0.191 | o
0.102 | o0..46 | 2,112 |o0.046 |-0.025 | 0.015 [-0.037 | -154
0.116 | 0.746 { 2.402 | 0.048 [-0.025 | 0.013 |-0.094 | -223
0.129 | 0.799 | 2.671 | 0.050 [-0.022 | 0.013 [-0.092 | -283
0.142 | 0.808 | 2.940 | 0.050 [-0.013 [ 0.012 [-0.113 | -284
0.209 | o0.881 | 4.327 | 0.045 | 0.03¢ | o0.014 [-0.161 | -221
0.276 | 0.931 |[5.714 | 0.037 | 0.069 | o0.013 |-0.208 | -182

=0.220
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TABLE 8
—BARIC DATA =1
0 =l
CIJ - °l°139 e - 40 ylll/? L) 0.0584" U. - 31-9 ms
- - - l
yun UM, |yl e AR, L Y, A, et (p - )
-2
-l
WALL I
Ong 1.276 o- 154 -Oo°53
0.016 1.386 0.274 -0.013
0.022 1.392 0.377 o
0.029 1.376 0. 497 0.016
0.036 1.33% 0.616 0.049 0.034 | 0.026 0.791
0.049 1.226 0.839 0.040 0.050 0.026 0. 808
0.062 1.097 1.062 0.041 0.047 0.029 1.016
0.076 0.931 1.301 0.056 0.044 0,031 1.135
0.089 | 0.784 1.524 | 0.053 | 0.031 | 0.027 0.895
0.102 0.687 1.747 0.046 0.019 0.023 0.44]1
0.129 0.621 2,209 0.044 0,006 0.016 =0,244
0.142 0,705 2.432 0.043 0.00% 0,013 =0. 359
0.209 0.787 3.57%9 0,048 0.063 0.015 -C.1l08
0.27 0.846 4.726 0.045 0,107 0.014 ~0. 244

—




TABLE 9
Cu » 0.0197 o = 18° Yusg = 0-0287" | U_ = 31,9 ms”
] yin | S, vty , R, | Wu, (AR, vt (p - P.)
Mo
WALL |
0.009 | 2.715 | 0.314 o -2287
0.012 | 2.680 | o.418 0.028
0.014 | 2.608 | 0.488 0.041 y=0.016
[ 0.017 | 2.489 | 0.592 0.050 -837
0.020 | 2.370 | 0.697 0.053
0.022 | 2.248 | 0.767 0.050 -320
0.029 | 1.962 | 1.010 0.025 -13
0.0% | 1.592 | 1.254 -0.019 32 |
0.042 | 1.248 | 1.463 } -0.091 -197 o
. 0.049 | 1.075 | 1.707 ~0.147 -463
. 0.062 | 1.066 | 2.160 -0.191 -806
. 0.0% | 1.088 | 2.648 ~0.210 -835
‘ 0.089 | 1.110 | 3.101 -0.223 -838
0.102 | 1.135 | 3.554 -0.229 -837
‘ 0.116 | 1.150 | 4.042 -0.229 -848
0.129 {1.160 | 4.495 -0,235 -854
0.142 | 1.176 | 4.948 -0.238 -811
0.209 | 1.219 | 7.282 -0.245 -766
0.276 | 1.229 | 9.617 | -0.238 -704

- .:1,.“...-.“._.._,.}:....:" b et s I - i TS Y P .




TABLE 10
—BARIC DATA .
Cu = 0.0197 0 = 25° Yg/2 = ©-0367" | U = 31.9 me"!
yim | o, vy, |[BR| Vro, (ATR, W(n'n"f (P - p.)
o2
' WALL |

0.009 | 2.273 | o0.245 ~0.003 -2003
0.012 | 2.248 | 0.327 0.025
o.014 | 2.219 | o.381 0.019 y=0.016
0.017 | 2.185 | 0.463 0.028 ~1396
0.020 | 2.110 | 0.545 0.022 .
0.022 | 2.066 | 0.599 0.013 1053
0.029 | 1.950 | ©0.790 0.009 -672
0.03 | 1.762 | 0.981 | 0.049 0.003 | 0.031 |0.740 [~493
0.042 | 1.549 | 1.144 | 0.054 | -0.028 | 0.028 }0.684 |-367
0.049 | 1.339 | 1.335 | 0.057 | -0.038 | 0.026 [o0.713 |-346
0.062 | 1.132 | 1.689 | 0.041 | -0.085 | 0.018 |0.373 |-540
0.076 | i.110 | 2.071 | 0.029 | -0.129 | o.o11 }o0.030 |-759
0.089 | 1.097 | 2.425 | 0.031 | -0.132 | 0.011 |o.048 |-BOL
0.102 | 1.107 | 2.779 | 0.032 | -0.132 | 0.010 {0.054 |-775
0.116 { 1.119 | 3.161 | 0.031 | -0.125 | 0.010 }0.036 |[-762
0.129 | 1.129 | 3.515 | 0.030 | -0.129 | o.0l0 }0.054 |-749
0.142 | 1.141 | 3.869 | 0.029 | -0.129 | 0.011 }o.057 |-729
0.209 | 1.179 | 5.695 | 0.025 | -0.110 | 0.008 }0.048 |-661
0.276 | 1.182 | 7.520 |} o0.018 | -0.084 | 0.008 fo0.085 |-560
0.342 | 1.150 | 9.319 { 0.015 | -0.078 | 0.008 [o0.077




TABLE 11
‘e —mwﬁ » "
Cu » 0,0197 o = 35° Yp/z ™ 0:0480" | U_ = 31.9 me"l |
| ylim | G/, Yy [ 200 | W0, A2, Vim2e?| (p - P,
| w2 |
} WALL | | i
0.009 | 1.799 | o.188 0.009 -1304
: 0.012 | 1.824 | 0.250 0.022
0.01l4 1.850 0.292 0.034 y=0.016
0.017 | 1.853 | 0.354 0.047 -1149
0,020 | 1.843 | 0.417 0.047 1
0.022 | 1.821 | o0.4s8 0.053 -918
0.029 | 1.771 | 0.604 0.053 -675
0.036 | 1.687 | 0.750 | 0.056 | 0.050 | 0.033 | 1.250 | -s17 N
0.042 § 1.571 | 0.875 | 0.053 | 0.053 | 0.031 | 1.051 | -431 1
. 0.049 | 1.445 [ 1.021 | 0.053 | 0.053 | 0.033 | 1.005 | -385
0.062 | 1.320 | 1.292 | 0.055 | 0.041 | 0.032 | 1.021 | -265 . |
. ©.076 | 1.113 | 1.583 | 0.047 | 0.009 | 0.025 | 0.595 | -203 Y
) 0.089 | 1.009 | 1.854 | 0,040 |-0.0t6 | 0.018 | o.180 | -410
©.102 [ 0.984 | 2.125 | 0.040 |[-0.022 | 0.014 |-0.043 | -530
©.116 | 0.987 | 2.417 | 0.044 |-0.019 | 0.011 [-0.024 | -5a8 !
0.129 | 1.000 | 2.688 | 0.043 |-0.016 | 0.011 |-0.041 | -541
0.142 | 1,006 | 2.958 | 0.042 [-0.009 | 0.012 [-0.087 | -532
©.209 | 1.053 | 4.354 | 0.038 | 0.028 | 0.012 |{-0.145 | -479
; ©.27%6 | 1.072 | 5.750 | 0.029 | 0.066 | 0.010 |-0.157 | -379
0.342 | 1.053 | 7.125 | 0.023 | 0.091 | 0.010 |-0.160
|
|
|
L ]
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TABLE 12
AR LC_RATA JFLNLNJ—' -
Cy = 0,0264 0 = 15° Yp/2 ® 0.0297% | U @ 31,19 mel
yian | 00, vy, AR | Vo, (A2, Fﬁ"'tmzs"’ (P - p,)
TR |
0.009 | 3.5%5 | 0.303 -0.050 -2542
0.016 | 3.348 | 0.529 -0. 006 -452
0.022 2.934 0.751 -0, 006 -G
0.029 | 2.545 | 0.976 -0.025 479
0.0% | 2.053 | 1.202 | 0.092 | -0.085 | 0.036 | 1.012 | 139
0.042 | 1.577 | 1.424 | 0.083 | -0.163} 0.026 | 1.150 |-31
0.049 | 1.326 | 1.650 [ 0.055 | -0.232 | 0.020 | 0.755 |-g84
0.062 | 1.241 | 2.098 | 0.029 | -0.288 | 0.011 |-0.042 }-10%1
0.07%6 | 1.260 | 2.549 | 0.026 | -0.307 | 0.011 |-0.080 |-1100
0.089 |1.273 | 3.007 [ o0.026 | -0.317 | 0.005 |-0.086 |-1121
0.102 | 1.288 | 3.43¢ | 0.025 | -0.326 { 0.010 |-0.077 |-1110
0.116 | 1.307 | 3.906 | 0.025 | -0.332 [ 0.010 {-0.075 |-1066
0.129 | 1.313 | 4.343 | 0.024 | -0.339 | 0.011 [-0.072 |-1087
0.142 | 1.329 | 4.781 [ o0.024 | -0.342 | 0.011 [-0.068 |-1078
0.209 | 1.354¢ | 7.037 | o.021 | -0.357 { 0.008 {-0.058 |-982
0.27%6 | 1.332 | 9.293 | 0.017 | -0.357 | 0.007 |-0.062 |-869

&
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& TABLE 13 5 F
x _BApIC DATA SLOT HEIGHT » 021"
E ' Cu » 0,0284 6 = 28° Yo/ = 0°0402' | vy, = 31.9 me”!
- yam | G, |vlvg,, [ T, AR, ﬁﬂ‘-cn%"rcp - p)

-2
’ Eﬁ? WALL |
3_ 0.009 | 2,900 | 0.224 -0.088 ~2440
o.012 | 2.922 | 0.299 -0.082
f 0.014 | 2.893 | 0.348 -0.072 y=0.016
o.017 | 2.843 | o0.423 ~0.053 -1405
b 0.020 | 2.787 | 0.498 -0.053 |
: 0.022 | 2.765 | 0.547 -0.038 -960 1
0.029 | 2.608 | 0.721 -0.050 -730 |
% 0.03 | 2.370 | 0.896 | 0.025 |-0.053 | o0.014 | 0.160 | -648 |
0.042 | 2,066 | 1.045 | 0.042 |-0.075 | 0,020 | 0.449 | -566 ‘
E, | 0.0a9 | 1.765 | 1.219 | 0.055 |-0.103 | 0.023 | 0.936 | -513
- 0.062 | 1.476 | 1.542 | 0.033 |-0.160 | 0.016 | oc.4r2 | -863 ;
| 0.076 | 1.376 | 1.891 -0.207 -o.011 | -1212
& 0.089 | 1.373 | 2.214 -0.219 -1223
- 0.102 | 1.370 | 2.537 -0.223 -1191
: 0.116 | 1.382 | 2.886 -0.229 -1189
0.129 | 1.389 | 3.209 |, -0.229 -1163
0.142 | 1.389 | . 132 -0.229 -1126
0.209 | 1.401 | 5.199 -0.219 -1000
' 0,276 | 1.367 | 6.866 -0. 207 -869
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TABLE 14
Cy = 0.0284 ¢ = 35° Yoy = ©:0518" | u_ =319 ms”! o
| yin | O, vlyy, (AT | Vo, [ it'a'—v"(lal”ltp -p,)
-2 .
-gév WALL | |
0.009 | 2.451 | 0.174 0.009 -2141
0.012 | 2.464 | 0.232 0.019
| 0.014 | 2.470 | 0.270 0.016 y=0,016
! 0.017 | 2.549 | o0.328 0.025 -163°
0.020 | 2.542 | 0.386 0,031 . 1'
0.02z | 2.508 | 0.425 0.034 -1412
0.029 | 2.445 | 0.560 0.034 -1321 ‘
0.03 | 2.332 [ 0.695 | 0.029 | 0.03¢ |o0.019 | 0.486 | -909 i
f 0.042 | 2.185 | o0.811 }0.029 | 0.028 |o0.019 | o.469 | -g52 |
: 0.049 | 2,009 | o0.946 |o0.036 | 0.03t |o0.023 | o0.660 | -752 . '
% 0.062 | 1.774 | 1.197 }o0.048 | 0.003 |0.027 | 1.040 | -703 Sy
0.076 1.486 1.467 0.036 |-0.041 0.021 0.681 -819 : )
l 0.089 | 1.386 | 1.718 -0.066 0.028 | -938 o
: 0.102 |1.354 | 1.969 -0.078 -0.02¢ | -1083 |
0.116 | 1.348 | 2,239 -0.075 ~1052
0.129 | 1.3¢8 | 2.4%0 -0.075 -1039
; 0.142 1.357 2.741 ~0.069 -1037
0.200 |1.370 | 4.035 -0.044 -873
0.276 | 1.348 | 5.328 -0.025 -763
[ ]
.




TABLE 15

Cu =0,0204 0~ 45° Yu/2 ® 0.0671" u, = 3.9 ms! [
vin | O, (v, [ | o, A, et - pl
-2
=170
0,009 2,082 C.134 0 ~1656
0.016 2.194 0.238 0.019 =1470
0.022 2,223 0.328 .034 =-l144
0.029 2,207 0.432 0.028 -1048
0.036 2.154 0.537 ©.066 0.031 | 0,038 1.660 | -842
0.042 2.085 0.626 0.063 ¢.03 0.039 1.748 { -699
0,049 1.994 0.730 0.064 0.034 0.038 1.740 | =621
0.062 1.824 0.924 0.065 0.034 0.040 1.676 | ~562
0.076 1.596 1.133 0.065 ©.016 0.034 1.338 | -446
0.089 1.426 1.326 0.059 |-0.003 0.0.8 0.986 | ~-462
0.102 1.323 1.520 0.048 |-0.016 0.022 0.623 | -594
0.116 1.273 1.729 0.037 [-0.,025 0.016 0.177 | -662
0.129 1,257 1,923 0.034 -0.025 0.013 0.046 =730
C.142 1,254 2.116 0.033 =0.022 0.012 =0.013 | -746
0.209 1.263 3,115 0.030 0.013 0.012 ~-0.096 | -638
0.276 1.235 4.113 0.023 0.053 0.011 =0.} 3 | -524
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TABLY 16
cu = 0,024 6 = 58° Vg/z = 0-0001" | U = 319 me!
yin) | G, vy, /1 . | o, [N, 'W’(n‘-"’l(p - :,)

1217 | waLy ]

0.009 | 1.436 | o.l02 -0.031 -1562
0.012 1.621 0.136 o]
0.014 | 1.708 | 0.159 0.013 y=0.016
0.017 | 1.784 | o.193 0.028 1957
0.020 | 1.808 | 0.227 0.034
0.022 | 1.828 | 0.250 0.041 -1779
0.029 | 1.862 | o.329 0.038 -1622
0.036 | 1.859 | 0.409 | c.060 ‘| o0.050 | 0.029 | 1.007 | -i2l0
0.089 | 1.784 | o.556 | 0.056 | 0.063 | 0.035 | 1.443 | -745
0.062 | 1.737 | 0.704 | 0.054 | 0.066 | 0.037 | 1.831 | -294
0.0 | 1.589 | o0.863 | 0.055 | 0.063 | 0.041 | 2.203 | 10
0.089 | 1.442 | 1.000 | 0.061 | o.060 | 0.043 | 2.382 | 212
0.102 | 1.310 | 1.158 | 0.061 | 0.047 | c.041 | 2.095 407
0.116 | 1.169 | 1.317 | 0.056 | 0.044 | c.034 | 1.4am | 602
0.120 | 1.103 | 1.464 | 0.045 | 0.0¢ | 0.024 | 0.54a | 507
0.142 | 1.053 | 1.612 | 0.038 | 0.03¢ | o.009 | 0.027 | 457
0.209 1.041 2.372 0.039 0.069 0.020 -0,726 =81
0.27% | 1.038 | 3.133 | 0.022 | 0.125 | 0.015 {-0.340 | -210
0. 342 1.022 3.882 0.016 0.166 0.011 -0, 184
0.409 | 0.981 | 4.642 | 0.014 | 0.19¢ | 0.10 |-0.146
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TABLE 17
" PARIC RATA ~ALOT NRIGHD & 021"
. Cu = 0.0284 0 »65° Yg/a ™ 0:1726" |y = 3.9 me”!
. yim | G, vy /2. g ’ttu; W, AT 2, th’a""(p - p)
-2
WALL |
0,009 | 0.354 | o.052 ~0.075
0.012 | 0.618 | o.070 -0.053
0.014 | 0.687 | o.081 -0.083
0.017 | 0.793 | o.098 -0.022
o.020 | 0.843 | o0.116 -0.025
0.022 | 0.950 | 0.127 -0,031
0.029 | 1.078 | o.168 0.006
0.0 |1.056 |o0.209 |o0.492 | 0.028 | 0.088 | 34.722
0.049 | 1.169 | o0.284 |0.476 | 0.082 | 0.124 | 47.790
) 0.062 | 1.150 [ o0.359 |o0.384 | 0.107 | 0.121 | 29.487
. 0.076 | 1.191 | 0.440 |o0.278 | 0.163 | 0.137 | 14.851
. 0.089 |1.194 |o.516 |0.256 | 0.197 | c.123 | 14.870
. 0.102 |1.232 | 0.591 |o0.202 | 0.179 | 0.107 0.468
0.116 |1.132 | o0.672 |o0.130 | 0.238 | 0.193 5.981
0.129 {1.066 | 0.747 |[o0.117 | 0.260 | 0.166 5.874
0.142 {1.019 |o0.823 [0.109 | 0.282 | 0.154 6.624
0.209 |o0.824 |1.211 |o0.079 | 0.194 | 0.127 5.203
0.276 |[o0.740 |1.599 |o0.092 | 0.215 | o.089 1.543
.
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, NUMBERS INDICATE
- ADVANCE RATIOS v
DIRECTION OF
ROTATION
BLADE
2709
90°
i
ADVANCE RATIO & —m 0° AZIMUTH ANGLE

Vetp

NOTE: REVERSED FLOW OCCURS OVER THE PORTION OF THE BLADE WITHIN TE
OPEMATING ADVANCE RATIO CIRCLE

FIGURE 4: GRONTH OF REVERSED FLOW REGIONS WITH INCREASING
;g_ ADVANCE_RATIOS
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Lot 4 AURRAL SLail]

SPECIFY C; AND o

CALCULATE THE POTENTIAL
FLOW PRESSURE
DISTRIBUTION

OVER THE AEROFOIL

CALCULATE THE BOUNDAR

LAYER DEVELOPMENT OVE
THE AEROFOIL SURFACES

SPECIFY THE
PRESSURE DISTRI-
BITION ALONG THE
WALL JET

GUESS A
VALUE FOR

Cc
W

\

SEPARATION
} BUBBLE
PRESSURE

Ps

COM®ARE Ps WITH PS

B ek ittt

CALCULATE DVELOPMENT
OF THE WALL JET AND
ITs SEPARA?ION

PRESSURE PS

| P ¢ P
Py = P . s ”Ps
END | TRY A NEW
| VALUE FOR C
H "
v

v

FIGURE 7: BLOCK DIAGRAM OF THE CAICUIATION METHOD OF KIND®Z
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e o

INPUT: AEROFOIL GEOMETRY
ANGLE OF ATTACK

BLOWING MOMENTUM
COEFFICIENT
REYNOLDS NUMBER

!

COMPUTE POTENTIAL
FLOW SOLUTION

L] i

CALCULATE VISCCUS LAYER
PROPERTIEE AND SEPARATION

B AND P *
RESSURE PSEPU SEPL

DETERMINE SOURCE
DISTRIBUTION REPRESENTING
DISPLACEMENT AND
ENTRAINMENT EFFECTS ‘

OF VISCOUS LAYERS

ESTABLISH NEW ESTIMATE _
OF CIRCULATION AROUND 4
AEROFOIL

COMPUTE POTENTIAL FLOW
ABOUT CONFIGURATION

INCLUDING VISCUOS EFFECTS

P N - 0
— YES SEPU SEPL

PRINT RESULTS STOP

w

FIGURE 9: CALCULATIOH PROCEDURE OF DVORAK AND KIND*S
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1k
= 1 CONTRACTION
% | 4:1
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FIGURE 13: LAYOUT OF THE DUAL PURPOSE WIND TUNNEL
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El6 15

BLOWING SUPPLIES (BOTH ENDE OF AEROFOIL)
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OUTER SKIN AEROFOIL SBUPPORT

SUPPORT RIDS

TRAILING EDGE
CYLINDER ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

T e B e i o e o

PLENUM INTERNAL PLENUM
WALLE SFACERS

FIGURE 16: MODEL DURING FINAL ASSEMBLY
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|
TOTAL
pressurz 8h (om of H,0) .
40 "- «
VJ = 86 ms-l(from orifice plate calibration)
! 30 L !
| TIP JET :
BOUNDARY — "l ’
[ |
MEASURED USING A 40 TUBE RAKE . g
; % in (6.35 mm) FROM SLOT EXIT : .
é’ 20 - . 1
¥
| |
!
|
.
1
|
10 + INNER PLENUM SPLITTER
POSITIONS ]
// \\J ‘
. H L 1 L 4 ) v .
i MODEL 12 10 8 6 4 F | END )
| ¢ DISTANCE FROM END PLATE (in) PLATE : ‘

-*

FIGURE 20: AL CHECK_ON THE TWO-DIMENSIONALITY OF THE SLOT FLOW
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REF, PT.
'l
)
' ? * 5 volt. !'-ﬂ-l.
. 5 KHx y
' i 1w P 8. “
coMP.

' ! :
: !
: MODEL 4 L ]
_ CHARGE
: PROBE R AMPLIFIER

i
| g
f STEPPER MOTOR . STEPPER Y ‘
o DRIVE
F M .
3 i
PoT 3
P ¥ ‘i
! UP/DOWN |
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ZERO | MAN. OVERIDE
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FIGURE 23: BLOCK DI F_STEPPER
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VERTICAL BCALE = 0.1 V/DIV
TIMEBASE = 750 S8TEPS/SWEEP

A. MOVING AWAY FROM BURFACE = NO FLOW

== BURFACE

| PROBE OUTPUT

DROPS AS |

! DISTANCE FROM

, SURFACE

| INCREASES !

E i

d :

;._' \

.z \

ORIGINAL PAGE ﬁ

| BLACK AND WHITE PHOTOGRAPH X

B. MOVING AWAY FROM SURFACE = U, = 31 ms > t i
e SURFACE i

FIGURE 25: A CHECK ON THE VIBRATION OF A HOT WIRE PROBE
DURING A RADIAL TRAVERSE FROM THE SURFACE { ‘
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ORIGINAL PAGE FIG 26
BLACK AND WHITE PHOTOGRAPH

(a) VIEW LOCKING DOWNSTREAM

(b) VIEW THROUGH WORKING SECTION WINDOW

FIGURE 26 THE CIRCULATION CONTROLLED AEROFOIL LOCATED IN THE
7eT_x SF1 _WORKING SECTION
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

(c) GENERAL LAYOUT OF CONTROL CONSOLES

ElG 26
(€) & (D)

(4) DETAIL OF PROBES MOUNTED ON AEROFOIL TRAILING EDGE (see also Fig.26(e))

FIGURE 26 conTiNueED




FIG 26(E

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

T emae K. st

AW T TR TR e LH KON R YT T PRIREVRG 1A Iy - T ﬂ.""" LRI R W“-’l b

(e} VIEW LOOKING UPSTREAM AT AEBROFOIL TRAILING EDGE, SHOWING BLOWING I
SLOT AND TRAVERSING GEAR SUPPORTING THE PROBES

FIGURE 26 conTinugeD . 1
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BETZ MICROMANOMETER
READING ( = R0 )

90

80

21°%
Patmos ™| 1.000 Baxgs

70 v4

-2

DYNAMIC PRESSURE (N “)=9.687 x BETZ( fm H,0)

60 4

50 o

40

30

20

10

1o0C 200 300 400 500 600 700

CENTRELINE DYNAMIC PREBSURE
(Nm=2)

FIGURE 27: TUNNEL REFERENCE PRESSURE DIFFERENCE CALIBRATION
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SEE FIGURE 62 FOR THE GEOMETRY
OF THE MEABURING PROBES

wi<

NO
BLOWING b

/ \
0.3

C’.. = 0.0139

A

0.2
0.1
o
o
° WALL STATIC PRESPURE
Po ’_(from figure 66)
:‘/ .
=800 -400 =200 0

(P = Ra) (Nm_z)

Py = 613 Nm 2

FIGURE 136: UPSTREAM BOUNDARY LAYER RADIAL STATIC PRESSURE
DISTRIBUTION &g = 0




—— TR R ¥ T s

9¢T JWN9TJ JAIY3A 01 G3SN SINMNSYI WLV /ST ToId

(™o

0s (114 0t oz o1 0

1°0
L /Aﬂ”\m

/ 20
.cnﬂr o
cn q
6£T10°0 = v z
£°0

o1- 8- 9- V- z- 0

- somge

03 IATIETM {TOogoOTV =) d

LOL

"SOWIE 0] IATIP(SY ([OYOOTY WD) a

(5% 0
o¥ o€ 0z o1 o
\ 1o
d Q
z°0
o0 = » o
0 =v> .M
€0
8- 9 - z-

0L




INIOd NOILYVHVA3S ONILYIIANI SNOILNGIYISIA FUNSSH IILVLIS 3903 ONITIVHL 8T N9Id

Z
“d

)
o0 = ®

¥870°0
L6100
6£10°0
$900°0
o5

O »x a4 0

(b=p) Lo1S

WOMd TIONY 0Z1

STIIA
LNIOd NOILVHVAAS JHL
GO0030 IMNSSTHd NOIL

wN £19 = _Ad%
_®WN £T9-

d ALIDOTS
SSV WOdd—

LRAT OT 44300

et el w AL = st il i e A B Lt Bdiiot L AN o nF vt Fa



plgby Py

ST TR T =

FIGURE 139:

0,
RADIAL / L | ©+15
FORCE J R, |
BALANCE ~~y E
t 0.2 :
/ |
/ i
/ H
/ Ol 1 '
/ {n\ {
f w-ﬁ \~\
! O;QT’
:_' I !.'
=600 -400 -200 0 200 400 (p - R,)
N2
RADIAL 9.3 °
FORCE /‘ % | 25
BALANCE ..__\4 [s] |
I
|
7 0.2 |
/ [
!
/ I
0. :
J T
/ \\‘
$L_..Q__..an:s-——' \:‘
-600 -400 -200 0 200 400 (p = pg)
om2)
h
l 0.3
RADIAL Y °
FORCE /K R, 35

X \

/ 0.1 A

/ \ . }
/ \

L LY
Y ‘1
“’
-600 -400 -200 0 200 400 (p - p,)
NON-DIMENSIONAL VELOCITY PROFILES om2)
ARE SHOWN FOR CLARITY --=e-=

RAD]AL STAT!Q PBESSQRE Dl TRIBUT[ON IN THE TRAILING

R -

O - N

i
%
L
|




RADIAL o
FORCE / & : ©:15
BALANCE X ) )
™~/ !
/ 0. 2:
|
/ i
i
I
0.4
/ |
X -_K LY
/
a
-1600 -1200 -800 -400 0 400 (p - p,)
Nm~2)
0.3
RADIAL y o
FORCE f R : 25
BALANCE |
""'N/ |
0.24
/ I
|
i
i
l' !
7 0.1:
/ &:}
I .
e
-1600 -1200 -800 -400 0 400 (p - B,)
NON-DIMENSIONAL VELOCITY PROFILES mm-il)
ARE SHOWN FOR CLARITY ~===--
¢ 0.3
RADIAL °
FORCE I ﬁ- : 35
BALANCE\\ / o |
|
‘Tl 0.2T1T
|
/ |
/ ]
!
7 0.1!-——
\
3\
/ \
y M ‘\\
M _ﬂ'
-1600 -1200 ~800 ~-400 0 400 (p - pg)
m2)
FIGURE 140: 1AL STATIC PRESSURE DISTRIBUTI 1LING

EDGE WALL JET Cu = 0,0139, «¢ = 0




0.3
) RADIAL
| ]
O+15 FORCE / : {-
BALANCE __ Ly | o
|
LA L 0|2
]
/ .
"
i H
! ;
/ o}
. m
| pavr L
-2400 -2000 -1600  -1200 -800 =400 0
(P - Pa) (Nm=2)
5 0.3
25 RADIAL I Y
FORCE | R,
BALANCE !
. 0.2
/ |
|
|
I
/ / |
4 0.1
/ H
4
LY
/ 1>F N
LY
R “
i e N
[ L .‘d
-2400 -2000  -1600 -1200  -800 -400 0
-2
(p = Pu) (Nm ) NON-DIMENSIONAL VELOCITY PROFILES
ARE SHOWN FOR CLARITY ~~===«
0.3
o RADIAL
35 FORCE / P t
mu.mcs-\‘/ J ! o
L
/ , 0.2
[]
[]
/ '
[]
4 : 0.1
/ N '
\
LY
/ \
L]
ﬂ—_—o— , )
-2400 -2000 -1600  -1200 -800 «400 0
-2
(P - Pp) (Nm )

FIGURE 141: RADIAL STATIC PRESSURE DISTRIBUTION [N THE TRAILING
= 0,0197, & = 0

EDGE WALL JET G

|




EIG 1424
0,3
9'15, L |
RAD IAL R, i
FORCE :
QN 002 i
)
|
/ |
i
/ !
/ L{ - 0.1 '
|
// O, S
S S
~2400 -2000 -1600  =1200 ~800 «400 0 400
(P - Bg) (Nm 2
0.3
e L
25 RADIAL R =
FORCE / © :
BALANCE
~ )
\J 0.2 |
/ / |
[}
|
/| .
A 0.1 "\
/x — .
{/ . 4:\-—-'? \‘\
Ry — d
~2400 -2000  -1600 -1200 -800 ~400 0 400
(P ~ Be) (Nm %)
— /. 0.3
35°| RADIAL P X !
FORCE o !
BALANCE N~/ o |
) I
/ I
/ I
]
/ i
/ >
/ M \\
-2400 =2000  ~1600 -1200 -800 ~400 0 400
(p = pg) (NR™2) NON=-DIMENSIONAL VELOCITY PROFILES

ARE SHOWN FOR CLARITY

.....

FIGURE 142A: IAL STATIC PRESSURE DISTRIBUTION IN THE TRAILING
EDGE VALL JET e 0000, e - O




5..
s:
E
E
E’

ST TR T AT T T s e T TR e AT e

|

X
/ .3
45° | rapIar / % |
FORCE o :
BALANC [ 4,/ )
X ]
/ 032 1]
i
Y |
\
X \
/ 001 \
/ \
pd \
P :
e
-2000 -1600 -1200 -800 -400 0 400
(P - P.) (Nm—z’
/X
55° RADIAL /
FORCE Y
BALANCE ...\J
[
>,
/
J O
/ -
—i
=-2000 ~1600 =1200 -800 =400 ) 400

(P = P (Nm~2)

NON-DIMENSIONAL VELOCITY PROFILES
ARE SHOWN FOR CLARITY <-ecne.

FIGURE 142B: RADIAL STATIC PRESSURE DISTRIBUTION IN THE TRAILING
EDGE WALL JET Cp = 0.0284, g = 0




DETAILS OF THE MAGNITUDES OF THE AXES ARE NOT
GIVEN IN REFERENCE 49

.JA_" o . o

B
e ealme o R f e o N e A A ok Tl i

~ve ] +ve

FIGURE 143: STATIC PRESSURE VAR:ATION NORMAL TO A SLOTTED FLAP
SURFACE FPOM REFERENCE 49




0= 48200 ="

10134300 1317 INITINTD CNSYM FHL KO NOTLISOd 340Yd W1Id L11dS 40 103443 bl ¥MId
. 0£°0 sZ*0 0z'0 ST-0 01°0 S0°0 LI
o
TNIMOS WOE3 \
TMNISIO Fadd O
\\.A 08°0
o\\ /ﬂ \\
S Y
oS¢ cs
o\ p Js8°0
1
P H\
Y 4
05§ § oc-o
o\\\\\a\ K
o59
S6°Q
IS WOMd TTON
WIld LI'1IdS .HU
00:T




e e

R

2.

<
STE]

1,

0

—— PRESENT STUDY
CF = 00,0284

o = 0°

FIGURE 145: A CORPARISON BETWEEN THE PRESENT RESULTS AND

TH

TICA

ORMAL STRESS CALCULATION OF KIND

i




(ms %)

~ |-
48

200 ;

RADIAL ) ? i
MOMENTUM ; :
EQUATION XPERIMENT ; ‘

;( E
| 100 \\’__,‘\ /K\(\
a ol A
o ~ /---"“--‘
m "\x

. |

0 0.02 0.04 0.06 0.08 5. 10 oy
Cu = 0.0284 Y ‘ j
R
% = 00 [+]
© = 45°

S e A

- T
mm e e —
e AN

% %5 (ms_z)

' 800 2
- EXPERIMENT
i
i .

400 RADIAL
MOMENTUM
EQUAT Ion\'. /—\\

%
:
E
f
r
:
:
3
E
f
l

0 f o = o *—-——l \-—-*
0.0I 0.04 0.06 0.08 0.10 y
R
o
4]

" |

=400

FIGURE 146: COMPARISON BETWEEN MEASURED STATIC PRESSURE GRADIENTS
THO TAINED FROM T QUATI




e L}
(Volts) ‘.\W ”rfi hwl ﬂ A ‘x
TYPICAL OSCILLOSCOPE
OUTPUT NEAR Dm
4] t

2 ~ 200 mVolts ,
~ 5 ms i
+ ll-' ]
el
{(Volts)
TYPICAL OSCILLOSCCPE
OUTPUT NEAR 0
I l . min i
0 | . .

TYPICAL OFFSETS WERE 100 mV
HIGH PASS FREQUENCY = Z Hz

FIGURE 147: SKETCH OF OBSERVED HOT WIRE OUTPUT SIGNALS lf




4
"1

01

. v .
» ~ o

£
131440774 VANY0D Q3S040Hd 8T RMOI4
ZT
- —
S,
.
B ~
. . ~
— ~N N\ 1
—_—— . /
- .
~
~N
\ 8
\ \
\ \ AN THYDMLS NOIIVIENLS
L \ FI9ENE NDT IVUVATS
\ HIAWI AHVANNCE INIENS WAL
A\ SNCIIVLINI'Y HZAVYI HYERS -
N WYAM1S XRINOA
40 IIRIT OL N0 LEDEINISA
S SSAI0Nd ONIMIVA 40 LIMIT
N HONOZ SEOTIMOA
INZNCOV NEBM SSEO0Md ONIWIVd
INBSDNIIV - TINM QN SEOTINOA 9
REMLIE BNSSHNd DIINES qEONaa ° p -
) N DILTN0ED NOdN INNANEJad ~J J

DEENd3a2 - CRN0d SIIIIH0A ALFDSIA -
LMY VELRE OROULS OL A0

LI338S XYEALFOA T3NS 3R] JO ALITIGVISNI *
MOTd I3C

WAV XWINNOE IOVNIAS ¥dddn -

=N < [Tal




1077S WOH4 .55°0 = » #8200 = )
WVIMLS X310A Q3S040¥d IHL HLIN SLINSTY IVINIWINIAXT FHL 40 NOILVIIU40) IVILVdS ‘64T JunSId

HN mN_E JA, M
(,_=% 0061 0 000T- 000Z- 0°¢ 0°2 01 o 0-T-
- @ [ —
}
z°0 o) —
[+ ] o
a u
X X
¥°0 v-0
“n
.J-rb $0°0 Z0°0 ) lmls 20 1°0 0 Z n T 0
[ ] [ ]
22 " ll\l, =
SN
WYSHLS
z 0 z°0 Z°0 XZWOA &
/ NOILISOJ
Q o) Q
o a ¥
X X X
¥°0 v 0 t ¥°0
» v L) LY » L




T TTTE T T RO AT T T I ey e e T et

L i, < ———————

0.0139
|~
l —
]
~~o
0
0 20 40 60 80
ANGLE FROM
SLOT (deg)

FIGURE 150: DECAY OF THE VELOCITY DIFFERENCE ACROSS THE FREE
YER W]T I
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. WALL SHEAR STRESS g = 27.5 psf

' T, (psf) V, = 46 ms * |
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FIGURE 152: WALL SHEAR STRESS UNDER A HIGHLY CURVED WALL JET
LM SENSOR
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THESE RESULTS ARE 'EQKEN DIRECTLY FROM A COMPUTER
OUTPUT FRCOM CIRCON™ . THE RUN WAS BASED UPON THE
b PRESENT AEROFOIL WITH C’. = 0.0284.

)
THE UNITS FOR 52}? ARE UNCLEAR AND ARE ASSUMED |
:

- TO BE 1b ft .

FIGURE 153: A SAMPLE OF THE VARIATION OF RADIAL PRESSURE
GRADIENT IN THE TRAILING EDGE WALL JET FROM THE

! CALCULAT[ON PROGRAM CIRCOM:
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